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Fore^word 




X recent years, such marvelous advances have Imen 
made in the engineering and scientific fields,^ and 
so rapid has been the evolution of mechanical and 
constructive processes and methods, that a distinct 
need has been created for a series of practicril 
worJklnfj fjuidcii^ of convenient size and low cost, embodying the 
accumulated results of experience and the most approved modern 
practice along a great variety of lines. To till this acknowledged 
need, is the special purpose of the series of handbooks to which 
this volume belongs. 

C In the preparation of this series, it has Ix^n the aim of the pub- 
lishers to lay special stress on the prartlad side of each subject, 
as distinmiished from mere theoretical or academic discussion. 
Each volume is written by a well-known exj)ert of acknowledged 
authority in his special line, and is based on a most careful study 
of practical needs and up-to-date methods as developed under the 
conditions of actual j)raotice »ii thv iield, the shop, the mill, the 
power house, the drafting room, th;'. engine room, etc. 



» .. c « / ' » , 



C These volumes are eqKinAHy itjjrjyied for j)ur[)08es of self- 
instruction and home study. The utmost care has been used to 
bring the treatment of each subject within the range of the com- 



moil iiiidttrstaiKliiig, so that tltv vork will apjieHl not only tu tbu 
tuebiiiually trained expert, but also to tbe Iteginuer and the ei-lf- 
tatiglit practk-al iimii who wishes to keep abreast of modern 
progress. Tbe lan^iiage.ls simple and clear; heavy technioal terms 
and the fomiuhe of the higher mathematic-s have been avoided, 
yet without saeriticing any of tbe re<juirements of jiractical 
instruction ; the arrangement of matter is such as to carry the 
reader along by easy steps to complete mastery of each subject; 
frequent examples for practice are given, to enable the reader to 
test liis knowledge and make it a ]>entianeiit |iossessioii; and the 
illnstrations are selected with the greatest kiiTv to supplement and 
make clear the references in the text. 

C The methtxl adopted in the pre|)aration of these volumes is that 
which the American School of Correspondence has develojwd and 
employed so succeasfiilly for many years. It is not an experiment, 
but hart rttood the severest of all tests — that of practical use — which 
lias <lemonatrated it to be the l)e3t method yet devised for the 
ednt^tiou of the busy working man. 

<L ''Of purposi'S of ready R-fereiiee H[id timely iiifoniiation when 
■■(•(•(led, it is la^lieved that litis series of handbooks will Ih- found to 
Jilirel every ivijuireiueut. 
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DYNAMO-ELECTRIC MACHINERY 

I'AllT I 

THEORY OF DYNAMO-ELECTRIC MACHINERY 

A di/namo-eUclrlc ynachiiu! is one which converts mechanical 
into electrical enei^, or vice ver^A, by means of tlie relativo motion 
of a conductor cairyin;; an electric current, and an interlinked mag- 
netic field. When the conversion is from mcchaiiical to vlectrlcal 
enei^, the machine is called a generator; and when the conversion is 
from electrical to mechanical energy, llic miicliiiK- is called a motor. 
In order fully to understand the design and Limstnictiim of tliejtc 
machuies, it will first be necessary to consider the principles which 
govern their action. 

Magnetic Field. It was early found that pieL-es of a certain kind 
of iron ore were capable of attracting bits of iron. From the naiiiQ 
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of the country in which this peculiar oxide of iron wast first found, 
came the name of articles made of it — i.e.., matjnels, from "Magnesia," 
in Asia. This oxide of iron is Fe,Oj, commonly cidled Magndiie. 

If one of these magnets shaped as a straight bar is held umlcr 
R me<x of cardboard upon which iron filings arc sprinkled, it will he 
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found that the filinfpi settle down in curvwl lines forming a niiiirncti 
figure, the general form of which is shown in Fig. 1 . When one of tl 
L poles of the niapict is lielil towunl the cardboard, the filings wiU 
I arrange themselves as shown in Fig. 2. These experiments shorn 
that the medium surirninding . 
magnet is in a state of stress, 
space so affected being called ! 
maifmtic field The influence of 4 
magnet is supposed to extend i 
dirtttnns milefinitely; biU fls t^ 
fiirrr due fii the magnet varws 
vi-rsebj as llie square of the diittas 
from- it, the effect is rendered pni 
ticaltynegligible beyond a campan 
lively limited area. 

When a conductor carrying t 
current carniD« c,>id.i.K>r. ciinvnt of electricity 

through a piece of cardboard with Iron fllings sprinkled on the I 
as Ix^fore. wc see {Fig. 3) that the filings arrange themselvt 
lines similar to those of Fig. 2; while, if the return circuit of the c 
, ductor be also poke^l through the card, the filings assume the ali^ 

ment shown in Fig. 4. From 
1 the similarity of the phenoni- 
I ena,it maylK-conchideil that 
h a conductor carrj'ing an elcc- 
\ trie current is surrounilc<i 
I by a magnetic fieltl who,w 
I strength is a direct function 
f of the current. This was first 
noted by Oersted, who in 
lS20ohser\'ed that a compass 
I needle was deflected when 

placed near a conductor car- i 
I rying a current of electricity, 
) the dircctiiin iif miitiim iif the ii 
I of flow of the current. 

Lines of Magni^ic Force. The magnetic flgure.s in the pivviot 
I paragraph indicate that the .stresses in the medium .'iurrouriding J 




' depending upon the direcliol 



DYNAMO-ELECTUIC MACHINERY 3 

magnet or current-carrying conductor follow certain definite lines, 
the lines showing tht- dirretiori of stress at any point. These are 
called litiee of maifneiic force. If, in ad<lition, there be drawn aa 
many lines per s(|unre c-eiitiineler tTo,ss-,scction of the field as there 
would be dynes ()f force aclinj; npon s. unit ma^ictic pole* placed at 
diat point, then the totalnutnijerof lines of magnetic force represents 
the magnetic fhtx through ihut cross-section; and the lines per square 
centimeter, the flux-density. 

Solenoids. Now, suppose that a wire is Ixnt in the form of a 
circular loop as in Fig. 5, and furlhtr- _ 

more suppose that a current is traversing / _ " ,, 

the conduclor in the direction indicated. f /' ,^ ^^ ^^ 

Then, according to a nde suggested tiy 
Maxwell, 

"The direction of tlic current anil tliat 
of the TMiilting magnetic force are related to j^ 
one ttiiollier, as Uil' rotation and travel of an 
ordinary {•. e., right-handed) screw.-' 
Consequently the lines of magnetic force 
would surround the loop in the mjmiicr 
shown. The field of such a loop, on U'- 
ilig explored with a compass needle or 
filings, will Iw seen to retain the general ^g_^_ Ma^ltirFidd arouod 
character of ihc field surrounding a ai.-o>.m.c«n«Loop. 

straight conductor; and consequently ail the lines will leave by one 
face and return by the other; the entire, number jxtssing through the 
loop, Ileiice one face of the loop will be e(|uivalent to the north poK 
of a magnet, and the opposite face will correspond to the south pole. 
In fact the loop will act exactly as if it were a thin disc magnet- 
ized perpendicularly to its plane. 

By placing side by side several of these current loops, with their 
transvetse axes in the same straight line, there is formed a solenoid 
(Fig. (1); and explonilion of the resulting fielil by any of the above 
methods shows that the lines of force pass right thmugh the interior 
of the soIpTioid, leiiviug fiy one end and retunnng by the opposite 
end as suggesteil by Maxwell's nile, A cylinder of soft iron inserted 
in the space within the solcnoiil will l)c found to act strongly as a 
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magnet when the current flows around the solenoid; but if the current 
is interrupted, the magnetic eflFect almost disappears. Reversal of 
the current will be found to reverse the polarity of the core, while 
increasing the current augments the magnetic strength of the coil. 

Toroid. Bend the solenoid of the previous paragraph around 
until its ends meet; or produce the same winding by turning insulated 
wire around an endless ring core of circular cross-section. The 
arrangement thus produced will be a /oroui, commonly called Faraday's 
ring; and if the wires are wound closely and uniformly over the whole 
periphery, the lines of force will be closed curves whose paths lie 

^_ ^_^ entirely within the 

^^-^^^ '" ^^ turns; consequent- 

ly there are no 
external poles — a 
unique electro- 
magnetic condi- 
tion. 

Magneto-Elec- 
tric Induction. 
Thus far the con- 
dition of the mag- 
netic field has been 
determined by means of filings or magnets; but neither of these 
methods can be used to explore the interior of an iron-cored toroid. 
It is possible, however, to employ for this purpose the principles 
of magneto-electric inductiaii discovered by Faraday in 1831. One 
of the laws governing this phenomenon, first enunciated by Neumann 
:n such manner as to permit determination of the electromotive force 
developed, is as follows: 

''Whenever the flux interlinked with a circuit is varying, there is an 
e. ni. f. acting around the circuit, proportional to the time rate of changt> 
of the flux, the positive direction of the e. ni. f. and the positive direction 
of the flux passing through the circuit being related to each other as are the 
rotation and travel of a right-handed screw. That is, if a circular loop is 
moved in the field of a magnet in such a way that it does not enclose the 
same amount of flux at any two successive instants, then there is induced in 
the loop an e. m. f. wh()s<» value is proportional to the change of enclosed 
flux per unit time. A similar eff'ect will be obtained by keeping the loop 
fixed, and moving the magnet." 



Fig. 6. Arrangement of Conductive Loops Forming a 
Solenoid, with Surrounding Magnetic Field. 
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We (lius hare a w.iy (o investigiite the condition of the field 
within tlie solid-cored toruid previously mentioned. Suppose a 
loop of insulated wire to lie pladil umiind the toroid in Fig, 7, and 
suppose the terminals of this loop to \>e led to a ballistic galvanometer 
(that is, an instrument which will measure current impulses). Then 
if the magnetizing coil of the toroid l)e energized hy passing a current 
through it, the galvanometer will give a sudden tlirow tlie instant 
the current is started. Similarly, when the circuit Is Iirokcn and the 
current ceases, the galvanuuieter imiicates die p;iHsage of unolher 
current impulse through tlie loop, 
the deflection, however, lieing in tlie 
opposite direction. 

The loop b next removed from 
the toroid and placed in front of an 
ironK»Ted solenoid which can Ih' 
enei^zwl or de-energized at will by 
closing or opening a switch, and it 
will be found that similar effects are 
produced. Let, now, the electni- 
magnct be energized and de-cner- 
gisKd periodicidly, and the loop nr 
exploring coil be turned so that its 
axis occuiiies every possible direc- *''«,i.,„;;|,^ViiS;;^l{;i7.^^a'^ 
tion in space, the center of the liM)p 

remainuig stationarj' throughout. It will be found that when this 
axis is in one particular plane, no impulse will pass through the 
exploring coil when the exciting current of the electromagnet is 
caused to flow, to cease, or to reverse. From what has been ex- 
plainul previously, we see that in this case the loop interlinks with 
no fliL\, hence its plane must be parallel to the direction of Uie flux- 
Also we see that when the plane of the loop takes any other jxisi- 
tion, the flux interlinked with if depends ufxtn the relation be- 
tween the plane of the loop and the direction of the flux. If we 
call the angle between the direction of the flux and the axis of the 
loop o, tlie flux enclosed by the loop for any given value of the 
fSK'iting current of tlie electromagnet will l>e proportionsil to the 
cosine of «. The quantity we are thus investigating is a directed 
■quantity, and may therefore be represented by a vector. 
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Lines of Magnetic Induction. This quantity is called the 
marpuilc induction or flux, and its direction at any point is defined 
as that of tlic axis of tlie loop when in the {position giving the greatest 
inductive effect on ener^izinf^ or de-i'ner^izin^ tlie electn)magnet. Its 
direction is also defined by Neumann \s law. If, now, a curve be drawn 
following the direction of the flux, this curve will be a line of mag- 
netic induction. The flux and flux-density are defined in a way 
precisely similar to magnetic force. 

Relation between Magnetic Force and Magnetic Induction. In 
the earliest of P'araday's ex|x»riments with solenoids, he found that 
the flux through any of these was much greater when iron was 
inserted than when air or wood was enclosed by the coil of wire. He 
ascribed this p(*culiar circumstance to the greater '^conducting power 
of the magnetic mt»dium for lines of force." I^ord Kelvin introduced 
the phrase magnetic permeability for this property of magnetic ma- 
terials, and it is defined as tlie ratio lx?tween the magnetic induction 
(B) produced in the medium and the magnetic force (H) to which 
that induction is due; L e., 

^ if- 

Magnetic Permeability. The precise notion now attached to 
this term is that of a numerical coefficient, and it is analogous to 
electrical conductivity. Its value is dependent upon the character 
of the substance and the magnetizing force or m. m. f. applied to 
the substance. For vacuum its value is unity; for air it is practically 
unity; for magnetic materials it is greater than 1 and may reach 2,500 
for soft iron; while for diamagnetic materials it is slightly less than 1. 
The permeability of such non-magnetic materials as silk, cotton, and 
other insulators, also of brass, copj)er, and other non-magnetic 
metals, is taken as unity, being practically the same as for air. 

The permeability of iron, however, varies very greatly with the 
degree to which it has lx*en magnetized. In all kinds of iron (after 
passing the initial stage mentioned Wow), the magnetizability of 
the material becomes diminished as the actual magnetization is 
pushed further; in fact, there is a tendency to magnetic saturation. 
In other words, when the piece of iron has been magnetized up to a 
certain degree, it becomes less permeable to further magnetization; 
and although actual saturation is never reached, there is a limit 
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beyond which the magnetization cannot be increased with practical 
advantage. TIiis is shown in Fig. 8, which represents the pcr- 
meabihty cune of a sumple of good iron or steel as used in d^amo 
magnet construction. The pnictica) limit of the flux-density (B) 
in good wrought iron and in mild steel, is about 20,000 lines of mag- 
netic induction per stiiiare cenfiiiieter; and in cast iron the saturation 
limit in practice is alx>ut 12,000 lines per square centimeter. In 
square-inch units thost- limits arc, for wrought iron and mild steel, 
about 125,000 or 130,000 lines per square inch; and for cast iron, 
about 70,000 lines jK'r square inch. 

Magnetic Circuit. Returning to the toroid of Fig. 7, we see that 
the lines pass through the interior of the toroid, forming a closed mag- 
netic circuit. Now, it is found thnt 

the total flux within the topoid is 
equal to the ratio lH;tween tlie mag- 
netomotive force acting around the 
magnetic circuit and the reluctance 
of that circuit; that is 

, m, m. f. 

in which, 

= Total flux; 

m. m. f, = Magnetomotive 
force; 

R ~ Magnetic reluc- 
tance. 

Magnetmnotive Force. By this term is meant the total mag- 
netizing power of an electric current circulating in a coil. It is found, 
when a current flows in a wire wound several times around a core, as 
in Fig. 9, that the magnetizing power is proportional both to the 
strength of the current and to the number of turns of wire. The 
magnetizing power is independent of the size of the wire or the coils 
and of their shape, remaining also the same whether the spirals are 
close t<^ther or wide apart. Hence if 2" be the number of turns in 
the coil, and / be the current in amperes passing through each turn, 
the magnetomotive force is, 

m. m. f. - jj TT X / 7" = 1.257 IT. 
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A straight conductor carrying an electric current of which the 
return is very distant, as in Fig. 10, is surrounded by circular con- 
centric lines. Taking one of these lines at a distance r centimeters 

from the axis of the wire, which we 
suppose to be carrying / amperes 

(that is, —units of current in C. 

G. S. electromagnetic units), the 

intensity of the field at any point 

at radius r has the uniform value 

2/ 

zrzr , and its direction is that of the 

lOr 

given line, of which the length is 
2riT. Hence the total force around 
the circle of radius r concentric 
with the axis of the conductor, will 

be the product of the force at any point of its circumference into the 

length of this circumference ; i. e. , 

10;X2-^=10^- 



1 




Fiff. 0. Showing Relation between 

Magnetizing Power of a Coil and 

Its Number of Turns. 









Down 

Fig. 10. Illustrating Variation in Intensity of Magnetic Field Surrounding a Conductor 

with Distant Return. 



And if the single wire be replaced by T turns, the force will be T 
times as large, or —- 1 T, IT being called the ampere-iums. 

Reluctance. We have seen from the equation of the magnetic 
circuit, that the total flux is inversely proportional to the reluctivity 
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of the materials of which it is composed; it is directly proportional 
to the penneability which is the reciprocal of the reluctivity. The 
reluctance or magnetic resistance of a circuit is therefore obviously 
proportional to its length, and inversely proportional to its area of 
cross-sectioa and its permeability; that is, 

M 
In designing electromagnets, before calculations can be made 
OS to the size of 
the iron core re- 
quired, it is nec- 
essary to know 
the magnetic 
properties of 
that particular 
iron;for it is ob- 
vious that infe- 
rior penneability 
demands a larger 
cross-section to 
obtain a given 
flux, or inferior 
permeability will 
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, MagnptliiitloQ Curves of Wroiiulit Iron and Cast Iron. 



require more turns of copper wire to be used. 

Magnetizatioo Curves. A convenient method of studying the 
magnetic facts respecting any particular brand of iron, is to plot as 
a diagram the curve of magntihation—th&t is, the curve representing 
the relation between the magnetic force plotted horizontally, and 
the magnetic induction plotted vertically. 

The upper curve in Fig. 11 gives the behavior of annealed 
wrought iron. The ascending curve shows the relation between the 
intensity of the magnetizing force // and the flu.\-<lensity B during 
the process of increasing the magnetizing force from zero to about 
210 units; and the descending line shows the same relation during 
the process of decreasing the magnetizing force to zero, and then 
reversing it so as to remove the residual magnetic lines. The lower 
curve shows the behavior of grey cast iron. 

Every sample of iron will show a similar set of results, which can 
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be plotted in the form of ji cune that is characteristic. The curves 
for cast iron and hanl stt-cl always have lower values than those for 
wrought iron or mild steel. In addition, it will usually be noted that 
when a fresh piece of iron or steel is subjected to a gradually increasing 
magnetizing force, the lowest part of the curve presents near its 
origin a small concavity (see Fig. II), showing that under certain 
magnetizing forces the permeability is greater than at the initial 
stage. This concavity is more pronounced in the case of hard iron 
and steel than in the 
caseof soft iron, but 
tlie cun-es differ in 
detail even indiffer- 
ent specimens of the 
same sort of iron. 
Fig. 12 gives a 
comparative idea 
of the relation be- 
tween the magnetic 
properties of the 
various irons and 
steels used in dyna- 

""" '" ^■— ••" mo manufacture. 

Effect of Air-Oap in Magnetic Circuit, 'llnis far we have con- 
sidered the magnetic circuit as made up of a solid, en<lless ring of 
iron. But suppose it to be built i:p partly of iron and partly of some 
non-magnetic material, as air or copper. AVe then have, as the total 
reluctance of the magnetic circuit, the sum of the reluctances of the 
various parts of the circuit. For example, if we have a ring made up 
of U centimeters of iron and l^ centimeters of air, the reluctance of this 
magnetic circuit woul<l be, 

/*1 ^II Ma At 

in which M and A are respectively the permeability and cross-sec- 
tional area of the materials denoted by the subscripts. 

It follows, then, that the total flux of such a circuit would l>e, 
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Since the magnetic permeability of air is constant ami prac- 
tically etiual to unity, we see that an air-gap or ila etjuivalent intn)- 
tliicfil into a magnetic circuit previously consisting of iron, will 
increase the m. ni. f. rctiuircd to produce the same flux as before, 
due to the inferior permeabihty of tlie non-magnetic portion. 

S. P. Thompson makes this plain by a graphical method as 
follows: 

"Tlie curve OcC (Fig. 13)reprewntB the relation between the number of 
ma^elic lines in an iron bar and llii- attipere-turnflf = //( -h 1.2;J7) nei'iifd to 
force these magnetic lines through the iron. Forexaniple, to n'&ch the height 
c, the excitation has to be of the value 
reprceented by the length Oxi. On the 
came diagram the line ObB represents 
the relation between the magnetic flux 
across the air-gap and the anijierc- 
tiima of current (stream) required lo 
force this flux across. It the gap were 
I centimeter long, 0.795 ampere-turn 
would produce the field // - B = 1 
In the present case the gap is sup- 
posed to be shorter than 1 centimeter, 
the line sloping up at such an angle 
that the length On represents the 
nmpcre-tuma requisite to bring the 
majinelie flux up to b, the same heisht 
on the scale as c. The total amount 
of excitation required lo force lliese 
mnxnetie lines through air and iron will Cneglecting leakngel be the sum of 
the ticparate amounts. The point ts is cbotien ao that Oxt is ci|iial lo the 
Fum of Oxi and 0«. or that the distance of the point r from the verlical a\i8 
is equal to the evim of the reapeclive distances of e and 6. If the same Ihiiig 
bduue for a large number of corrcsponcling points, tlie resultant curve Orlt. 
ni»y Ix" constructed from the two separate curves. It will be seen, then, 
thkt iri general the presence of a gap in the magnetic circuit lias the eJIeet 
of cnuiting the magnetic curve to rake over, the initial eUipr being deter m in cit 
liy Iht oir-gafi." 

Effect of Joints in the Magnetic Circuit. Ewing* tried the efTect 
of (lifTercnt numbers of joints in the iron of a magnetic circuit for 
various magnetizing forces, his results being given in Fig. 14, They 
refer to a bur of wrought iron cut across, first into two pieces, then 
into four, and finally into eight pieces. He also found that when the 
faces of a cut were carefully surfaced up to true planes, the disad- 
vantageous effects of tlie cut were considerably reduced, and under 
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considerable pressure applied externally almost vanished. An ordi- 
nary joint b equivalent to an air-gap of about ,005 cm. = ,002 inch. 
Effects of Heat. When iron is raised to 600°C., it begins to lose 
its magnetic properties ; and, if the temperature is increased to 780°C., 
they entirely disappear. At temperatures between 0°C. and lOO^C, 
various other effects liave been noted, such as aging — that is, an 
increase in the hysteresis. In dynamos, however, these effects are 
practically negligible, since the 
working temperature should not ex- 
ceed 75°C. 

Residual Alaginetism. It has 
been found, when the magnetizing 
forces have been removed from a 
specimen of iron, that it still exhib- 
its some phenomena of magnetism. 
This residual magnetism depends 
for its magnitude upon the charac- 
ter of the iron or sfcci, being greater 
in the harder grades than in the 
softer ones. 

Heferring to Fig. 11, it will be 
seen that when a specinten of 
wrought iron was magnetized to a 
high ilux-dcnsity, and the ra. m. f. then reduced to zero, the flux- 
density diminished only to about 7,300 lines per square centimeter, 
the descending cune of magnetization being above the ascending 
one. The name rcmaiutice is given to the lines per square centi- 
meter so remaining. Furthermore, in order to remove this rema- 
nence, it is necessary to apply a certain negative magnetizing force, 
termed by Ilopkinson the coercive force. It varies in magnitude 
from 2 for soft wrought iron, to about 80 units or more for hard steel. 
Effects of Cycles of Magnetization. This tendency of the mag- 
netic effects to lag behind tlie forces producing them has been named 
by Ewing hysteresis, and is best studied by subjecting the iron speci- 
men to one or more complete cycles of magnetization. For instance, 
suppose the in, ni. f. applied to a piece of iron to be increased 
gradually from zero to a maximum value, then decreased through 
zero to an equal negative maximum, and finall; to revetae and letum 




DYNAMO-ELECTRIC MACHINERY 



13 



through zero to the positive maximum value. The magnetic changes 
for such a complete cycle are shown in Fig, 15 for specimens of iron 
and steet respectively. 

The process as shown by the diagram, is started with the flux- 
density and m. m. f. at zero. The latter is then increased to about 
60 units, in the case of the piece of iron, the resulting flux-density 
being 16,000. The m. m. f. is then reduced to zero, the flux- 
density only decreasdng to 12,800. At a m. m. f, of -3, the flux- 
density is brought to zero; that b,— 3 is the coercive force, and 12,800 




the remancnce. With a m. m: f. nf— 00, the flux-density is- 15,.500; 
and varying the m. ni. f. from this i«>int to zero, leaves the specimen 
with a flux-density of — 12,000. Further increasing the m. m, f. 
until the flux-density becomes zero, the final m. m, f. Is found to be 
+ 3. From this point the m. m. f. is increased to its former maximum 
value, this ascending cun'e differing a little from the first. Thus 
wc see that when a specimen of magnetic material is put through a 
complete magnetic cycle, the coincident values of the hi. m. f. and 
the flux-density form a close curve. The area thus enclosed lias l>r<'ii 
shown by Warburg and Ewing to represent the energy wasted as 
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TABLE I 
Hysteretic Constants for Different Materials 



Material 


Hyster- 
etic Con- 
stant ff 

.002 

.0024 

.003 

.0033 

.004 

.0045 


Material 


Hyster- 
etic Con- 
stant^ 


Very soft iron wire 

Very thin soft sheet iron. . . 

Thin good sheet iron 

Thick sheet iron 


Soft annealed cast steel . . . 

Soft machine steel 

Cast steel 


.008 
.0094 
012 


Cast iron 

Hardened cast steel 


016 


Most ordinary sheet iron. . . 
Transformer cores 


.025 







heat in the material, when the specimen is put through a complete 
cycle; and its value depends upon both the character of the material, 
and the degree of magnetization, being greater for hard steel than 
for soft iron with the same range of magnetization. 

- Iron, when placed in an alternating magnetic field, is not only 
subjected to the hysteresis phenomena above considered, but it also 
becomes subjected to a set of parasitic electrical currents. These tend 
further to heat the iron, and are called FoucauU or eddy currents; 
their path, by Maxwell's law, is perpendicular to the direction of the 
flux. Their value may be lessened by increasing the resistance of 
their path — that is, by laminating the iron in a direction 'parallel 
to the direction of the flux and perpendicidar to the path of these 
currents, each sheet of iron being insulated from its neighbors. In 
practice, these laminae vary from about 15 to 25 mils (0.015 inch to 
0.025 inch) in thickness. 

Calculation of Heat Waste in Iron Cores. From consideration 
of a great many tests of hysteretic losses. Dr. C. P. Steinmetz pro- 
posed the following law connecting the hysteresis loss h in ergs per 
cubic centimeter per cycle and the maximum flux-density B attained 

during a cycle: 

A = vB'\ 

wherein ^ is a coefficient called the hysteretic constaiit, depending 
for its value upon the quality of the material. Some of these con- 
stants are given in Table I for ordinary frequencies. This law is 
practically true for all cycles ranging up to 200 per second. 

By applying the proper transformation factors, the Steinmetz 
formula reduces to : 

TTh = 0.83 XVX I X fi' « X 10 -^ 
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wherein 

W^ ~ Hyetereais loaa in watts per cubic inch of iron; 
/ — Frequency in cycles per aeoond; 
B •• Flux-density in tines persquare inch. 
In Fig. 16 are given graphically the hysteresis losses in watts per 
cubic inch ot iron per cycle per second, with various hysteretic 
constants. 

Besides the hysteretic loss in iron cores, there is also the eddy- 
current loss, which varies directly as the square of the thickness of 
the iron lamina, as the square of the maximum flux-density, and as 
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the square of the frequency. The formula obtained by calculation 
and found to agree closely with practice, is: 

TF. = 40.0 X I' X B= X n' X 10 ", 
wherein 

W, — Watts loss due to eddy currents per cubic inch ot iron; 
( ^ Thickneas of the iron plates, in inches; and the other symbols 
have the meanings previously assigned. 

Fig. 17 exhibits values of W^ graphically for various thicknesses 
of iron over wide ranges of flux-density at one cycle per second. 

The sum of these losses for any electrical machine is calleil for 
brevity the tron-laises of that machine. Calculations for actual 
machines will be given latci. 
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Rotational Hysteresis. When a piece of iron is rotated in a 
magnetic field, it passes through a magnetic cycle, but in a way far 
different from tliat which has been described. Mordey found the 
losses to be slightly lower for rotation than for reversal; while Baily 
went'further and showed (Fig. 18) that the former loss was slightly 
greater than the latter for flux-densities up to 15,000 lines per square 
centimeter, but that beyond this point the loss due to rotation 
rapidly diminished with increase in flux-density. 

Owing, however, .tO' eddy-current losses, the flux-densities in 
those parts of electrical machines which rotate in a fixed magnetic 

field are not allowed to exceed 
15,000 lines per square centi- 
meter (15,000 X 6.45 lines per 
sq. in.), except in the arma- 
ture teeth of direct-current 
machines. We may therefore 
neglect this difference, as is 
usual in practice, and hiay cal- 
culate lx)th kinds of hysteresis 
loss by the formula previously 
given. According to Ewing, 
this rotation loss is iiwlccular 
magnetic friction and not true 
hysteresis, Ix^cause the mag- 
netization does not necessarily 
lag Ix^hind the m. m. f. 
Miscellaneous Magnetic Effects. Retardation of Magnetization. 
It has long Ix^en known that, owing to the eddy currents produced 

* 

in the iron cores of electn)magnets, the magnetism of the inner part 
builds up less rapidly than that of the outer parts.* Similarly, when 
the m. m. f. is cut off, the inner part of the core retains its magnetism 
longer than the outer parts. In dynamos with large field-magnets, 
several minutes may elapse l)efore the field will build up or change, 
and Hopkinson has shown that the rt»tardation varies as the square 
of the linear dimensions of the core. 

Magn^ic Creeping, Ewing found that when a steady m. m. f. 
was applied to a specimen of iron, and the magnetism measured 
at intervals, the flux-density kept continually creeping up although 
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the m. m. f. was absolutely constant. He named thb viscous hys- 
teresis; but it is a true magnetic lag, and must not be confounded 
with the lag in phase resulting in the formation of a loop> or the lag 
due to self-induction occasioned by eddy currents in the iron. 

Slow Changes in the Magnetic Properties of Iron. \Mien iron is 
continually subjected to rapidly alternating flux-densities, especially 
when the temperature rises above 100°C.,it is found that the hysteretic 
loss is perceptibly increased. This effect has been observed in con- 
nection with transformers, where the iron losses play an important 
part in the working; but in continuous-current dynamos and motors 
the effect is negligible. (See page 12). 

Magnetic Dampers. If a magnetic flux, whether in air or iron 
be surrounded by a closed electrical circuit, any change in the value 
of the flux will induce an e. m. f. in that metallic circuit, tending 
to oppose the flux change. It has suggested itself, therefore, to 
builders of dynamos, to surround the magnet-poles with copper 
bands in order to reduce the ix)ssibility of sudden field fluctuation. 
This feature is employed extensively in alternating-current generators, 
synchronous motors, and rotary converters, under the name of 
dampers or damping rings. 

Generation of E. M. F. by Cutting Flux. Wlienever Hues of 
magnetic flux are cut by a conductor, an e. m. f. is produced in that 
conductor, the value of the e. m. f. being one volt when 100,000,000 
or 10* lines are cut per second. In other words, the e. m. f. depends 
■solely upon the tim^ rate of cutting, so that one volt would also be 
set up if 10® lines were cut in one-hundreilth of a second. In both 
cases the time rate of cutting is supposed to be uniform throughout 
the given time. 

Tlie generation of e. m. f. is absolutely certain, no matter 
when or by what process the lines are cut. A current, however, will 
flow only when there is a closed electrical circuit. A straight bar of 
copper, for example, cutting across a magnetic field, would have a 
potential difference established between its ends; but, excepthig a 
slight displacement current at the start, no current would flow until 
the electrical circuit was completed. We should distinguish, there- 
fore, lK*tween the generation of an c ni. f. and the flow of a eurnMit. 
Thus, it may happen that two or more ()[)posing voltages neutralize 
each other, so that no current whatsoever flows, even tliough the elec- 
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trical circuit is complete. This is the case when a copper ring is moved 
in its own plane across a uniform field; the two halves cut arf equal 
number of lines, and the e- m.f. produced in one half is exactly equal 
but opposite to that produced in the other half of the ring, making 
the current-flow zero. This explains the fact that the flux in a coil of 
wire must be varied in order to permit a current to flow; or, in other 

words, the coil must 
be filled with and 
emptied of, lines of 
magnetic induc- 
tion, in which case 
an alternating cur- 
rent is produced. 
This is often stated 
so broadly, how- 
ever, that it seems 
to mean that an 
e. m. f. cannot be 
obtained in a uni- 
form field. As al- 
ready stated, an c. ni. f. must be produced whenever magnetic lines 
are cut, though a flow of current may not result. 

Elementary Generator. The simplest fonn of generator con- 
sists of a loop of wire arranged to rotate in a uniform magnetic field. 
Fig. 19. The generation of e. m. f. in such a dynamo will be as 
follows: Assume the loop with its plane parallel to the direction of 
the flux. If, then, the loop be rotated counter-clockwise about its 
axis A'l^ the sides AB and CD, which cut lines of magnetic induction, 
will have an e. m. f. induced in them that will tend to cause a current 
flow in the directions indicate<l by the arrows. The value of this 
(». ni. f. will depend upon the speed or fiine rate of cutting; and since 
this rate is greatest when the plane of the loop is parallel to the direc- 
tion of the flux, the e. in. f. dev(*loped at the instant represented 
in Fig. 10 will be a maximum. As the loop approaches the 90® or 
vertical position, the geMierated e. ni. f. gradually decreases because 
the rate of cutting is diminishing, until, at the 0()° jx)sition, the cutting 
of the flux and tlu* generuted e. m. f. arc* both zi^ro. If the rotation is 
continued, the rate of cutting gnulually increases until the 1^° 



Fig. 19. Illustrating the Klementary Principles of the 

Generator. 
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position is reached,- where it again becomes a maximum, so that 
the e. m. f. generated at this intant is also a maximum. The cut- 
ting, however, in the two quadrants following the 90° position, has 
been in the opposite direction to 
that occurring in the first quadrant, 
so that the direction of the e. m. f. 
generated in the second and third 
quadrant is reversed with respect 
to that generated in the first quad- 
rant. In passing from the 180° 
position to the 270° position the 
rate of cutting and the generated 
e. m. f. again diminish to zero; and from 270° to the 360° or 0° po- 
sition, the rate of cutting increases and the direction of the gener- 
ated e. m. f. is the same as that produced in the first quadrant, the 
e. m. f. rising once more to a maximum value at the 300° position. 
Plotting the various instantaneous values of the e. m. f. so 
generated, we obtain the curve shown in Fig. 20. Such an e. m. f. 




Fig. 20. E. M. F. Curve of Simple 
Generator Shown in Fig. 19. 





Fig. 21. Simple Commutator Connected 
to I^op with Single Turn. 



Fig. 22. Simple Commutator Connected 
to Loop with Double Turn. 



is called an a//6'maYm</ onei because of its rt^versal fn)m jx)sitive to 
negative values; that is, it tends to produce a current, first in one 
direction and then in the other direction, thnmgh the circuit. If, 
however, it is desired to supply the external circuit with a dinct or 
continuous current, a special rectifying device called a cowmutator 
must be added. 
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In its simplest form, a commutator consists of a metallic tube 
slit longitudinally into two equal parts and mounted on a cylinder 
of insulating material, each half being connected to one terminal of 
a loop as indicated in Fig. 21. Fig. .22 shows a similar arrange- 





Fljf. 23. Slmplo Form of Generator. ShowinR Arrangement of BruKhes In Contact 
with Commutator to Give Unidirectional Current iu External Circuit. 

nicnt, (»xc(*pt tliat thr loop has two turns instead of one. Agiiinst 
this commutator, at dianietrically opposite jx)ints, press a pair of 
inetallic springs or brushes which lead the curri*nt due to the gbn- 
erattnl e. m. f. to the external circuit. If, as in Fig. 23, these brushes 
are so set that each half of the split tube moves out of contact with 
one bnish and into contact with the other brush at the instant when 
the l(X)p is passing through the positions where the time rate of 
cutting is minimum (as indicated in the enlarged end view of com- 
mutator shown at .'l),the alternat- 
ing c. m. f. generated will product? 
in the extonial circuit a rectified, 
commutated, or unidirectional cur- 
rent. That is, the current in the 
external circuit will flow in one 
direction. If this external current \ye plotted, it will be of tlie 
pulsating character shown in Fig. 24. This explanation need not 
l)c changed, if, for a single loop, we substitute a coil wound on an 
iron ring as in Fig. 25. The effect of this is to increase the gener- 
ated c. ni. f. by increasing the numlwr of times the electrical circuit 
cuts tlic flux. Now, referrinc^ again to Fig. 21, supiK)se, instead of 
one coil as there shown, wc have two coils mounted side by side and 




360" 
Ki^f. 21. Curve of Commutateil Current. 
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connecte<l in parallel to the commutator segments, we shall then 
obtain the elementary conditions shown in Fig, 26. If, then — 
similarly to the arrangement developed in Fig. 25 — we place an ex- 




PlK- 



actly similar coil at the opposite side of tlic rinp, as in Fig. 27, we 
SCO that whoTi its terminals are connected to the same two half- 
rings as the first, the two roils are in parallel, and though the 




FlK.!T. SimploRiDsA 

Twottollslnfai 



voltage generated by revolving this winding with two coils is no 
greater than with one coil, the current-carrying capacity of the re- 
sultant winding is evidently doubled. 
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The current obtained, however, from this arrangement has the 
disadvantage of IxMn^ pulsating, as already shown. To give con- 
tinuity to the external current we must multiply the numlxT of gen- 




O* 90** 180' 270' 360* 90' ISO* 270* 360* 

Flj?- 29. Curve of IC. M. F. and Current Generated by Armature Arrangement of Fig. 28. 

crating coils, and also the number of commutator segments, arrang- 
ing the coils around the armature so that one set will come into action 
iH'fon* the other svi goes out. If, then, we place Upon the iron ring 
two additional sc ts of coils at right angles w^ith the first sety as in 

Fig. 28, one set will 
be in the position 
of maximum activ- 
ity when the other 
is in the position of 
least action; and 
Fig. 29 will repre- 
sent the resulting 
external e.m.f. and 
current, which, al- 
though continuous 
{i.e,, never becom- 
ing zero), is not 
quite steady, hav- 
ing four slight un- 
dulations per revo- 
lution. By increas- 
ing the numlxjr of 
coils and commutator segments to a hundred or more, an external 
current can be obtained in which no undulations can be detected 
ex«*pt by the telephone. 

On examination of the winding represented in Fig. 28, it is 
apparent that the four coils are wound in series, the end of the first 
being connected to the beginning of the second, and so on, the end 
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of the fourth being finally «>niwctfd to the beginning of 
the whole of the winiliTig cunsliluting, therefore, a single, c 
Also, it may be noted that the beginniiig of one ei>il and 
preceding one are connected to the siime enmniuiator liii 
practice the commutator is usually made up of a numlter 



the first— 
L'losed vitW. 
the end of 
r. In the 
of pjindlel 







bars of copper set around on, and separated from each other by, 
insulating material; and the armature is made up of a numlwr of 
sections as in Fig. 30, which represents a Gramme ring ttHnding. 
This, and other windings, will \k trciited more fully later. 

Organs of Continuous-Current Dynamos. We have seen that 
the dynamo in its simplest form consists of two main portions — an 
armaiure, whicb in revolving in a magnetic field generates an e. m. f. 
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in the conductors wound upon it ; and a ftcld-magnel, whose function it 
is to provide a flux for the conductors to cut as they revolve. These 
two parts are always present in all generators, whether for continuous 
current or for alternating current; and they are easily distinguished 
(Fig. 31). In almost all continuous-current machines, the field- 
magnet is a comparatively simple electromagnet which remains 
stationary; the armature, however, is more complex and usually 
rotates. In addition, we have seen that continuous-current machines 
require a commutator, while alternating-current mathines are pro- 
vided with collecting or, slip rings. In either case, brushes are 
required to con- 
nect the revolv- 
ing commutator 
or collector rings 
to the external 
eireuit. 

In continu- 
ous-current ma- 
chines the field- 
magnet, Ix-ing 
usually station- 
ary, is combined with the bearings and l)til-platc to form the frame 
of the machine. Similarly, the armature ai^d commutator are sup- 
ported by a spider and shaft, which rotate in the bearings attached 
to the frame. The complete machine comprises, in addition, various 
other mechanical parts taken up in detail later. 

Armatures. Any electrical conductor — as, for example, a simple 
coil of wire- — revolving in a magnetic field so as to cut the flux, would 
act as jin annature and tend to have an p. m, f. generated in it. 
In order to obtain a practically steady direct current, together with 
maximum effect for a given amount of material, and to secure com- 
pactness, convenience of working, and other practical conditions, 
armatures have resolved themselves into the following types, although, 
theoretically, any figure of revolution around which coils are placed 
symmetrically, would answer: 

(1) Ring armaturea, in which the coils aro grouped upon a ring core of 
iron whose hxis of symmetry id also its axis of rotation. 

(2} Drum aTmalures, in wttich the coils are wound iDngitudinKlly over 
the surface of a drum or cylindrical iron core. 
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(3) Palt armntures, in which the ponductors are wound around radial 
iron cores projecting outward from » central hub. 

(4) Disc armnlitrcf, in which the conductore are arranged in the form 
of a flat 'Ubc the plane of which is perpendieular to Ihe axie of rotation, and 
iiaiially riot comprising an iron core. 

The rin<] armature was first employed by Pacinotti in ISGO, ami 
(It'scril>ed by him in 1865; but it Is coiumonly knnwn by the name 
of Grammf., the French electrician, who reintroduced it in 1870. 
Gramme wound the coils uround the entire surface of the annular 
core, which he made of varnished iron wire iu order to reduce the 
wasteful effects of eddy-currents; while Pacinotti bad the coils wound 




Itetween projecting teeth upon an iron ring. In ring armatures, the 
parts of the copper windinj^ which pass through the interior of the 
ring do nut cut any flux, and so are inoperative unless there are pole- 
pieces of tile fiel<!-magnet projecting internally, which is not usually 
tlK- case in practice* Hcnct; the ring tj'pe of winding offers a certain 
amount of wa.iteful re-sistance, which, however, can l)c made small 
eiinipnrcd with the resistance of the external circuit. Fig. 32 repre- 
seiirs' an armature of the <Tramnie ring type as generally used, 
although some machines are so tlesigne<l as to have the outside of the 
ring net as a commutator, the current l>eing collected directly from 
the winding liy brushes which trail on the periphery of the ring, the 
inner parts of the conductors cutting tlie Hux. Fig. 33 shows a 
completely wound firammc ring armature. 

wvic ni nittEn>Tiii lenlmgc ihnmtEti ihs opHnlim In the ring mrt. ilie Iniemtil 
pKTtaof til* wlDdlDg would proitiuw uiu. m. t. tu tlin opposite tUrecUon to th.it ganented 
' ~~~~^oaWTHaU(»«, thuHdecreulDKUuedecUveVDluiEe. 
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Fig. SI. Illustmting Hetbnd of Drum Wiualne- 



Drum oTtnatures were intrcxlucod by Siemens, who wound cores 
of iron wire upon a frame of non-magnetic material. In their com- 
plete form, they were first brought out in 187! by Von Hefner 
Altcncck, ami improved later by Weston and others. As seen from 
Fig. 34, this type is even simpler than the ring, and consists in placing 
the elementary loop before described upon a supporting cylinder of 
magnetic material, so as to reduce the magnetic reluctance of the 
gap between the two faces of the field-magnet poles. This type of 
armature is al- 
most exclusively 
used for continu- 
ous-current ma- 
chines of to-day. 
In Fig. 35 is shown 
a partly - wound 
drum armature. 

Pole armaturea 
^those having the 
coils wound upon 
projecting poles — were devised by Allan, Lontin, Weston, and others, 
Tlicy were used in I^mtin's machines, as shown diagrammatically 
in Fig. 30. Owing, however, to the great self-induction thus intro- 
duced into each section of the winding, and the consequent spark- 
ing at tile commutator, these machines were not successful. Pole 
armatures are to some extent used in alternating-current generators. 
Dine armatures, illustrat<.-d in Fig. 37, have never been very 
widely usixl. The inferestuig feature of this type is the fact that 
there is no necessity for magnetic conducting material between the 
two faces of the field-magnet. 

Armature Cores. The function of the armature core .is^ two- 
fold: it supports the generating conductors, and carries the fiux from 
one face of the field-magnet to the other face. On account of its 
high permeability and its great strength, iron is by far the best 
material for armature cores. We liave seen, liowever, that when a 
mass of iron (or other conductor) is rotated in a magnetic field, 
wasteful eddy currents are set up in the mass. In order to reduce 
them as much as possible, it has become the practice to build up 
armature cores of thin soft iron or mild steel discs, insulated from 
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each other by varnish, rust, or paix^r. These discs are an-aiij^-d to 
have their ptaneti; parallel to the direction of the flux and perpendicu- 




lar to the flow of eddy-curreiils. Solid cores of nutal should on no 
int be U3cd in any armature. 

Field-Magnet Excitation. In order to generate an c. m. f. 
in the armaliirn 
conductors, they 
must j.-ut a Ihrx. 
This (lux is sup- 
plied by a raapiet, 
ami may be excited 
tlicreiii by five sim- 
ple metho<is. These 
iiu-thiMis miiv Ik- 




headings, aeeordinf; to i 
nislifji the magnetizing e 
is provided from some otl 



Kr<iU]M-i 
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(1) Magneto-Machine. In this type of generator, historical))' 
the first, the flux was provided by a permanent magnet as shown 
diagranunatically in Fig. 38. This method has the disadvantage of 
requiring a much bulkier machine in comparison with the methods 
to be described later, since permanent magnetism cannot be main- 
tained at the high flux-density which may be produced by an exciting 
coil. It has, however, tiie advantages of simplicity and constancy, 
but is used only in tlie smallest of generators employed for example. 




Fig. ST. AriDiHure ot Disc Type wild Two Inductors In Sleries. 

to fumi'^li current for ringing bells, for ignition in intemal-oombus- 
tion engines, etc. 

(2) Scparatdif-ExcUet! Generator. The next step was to excite 
the fie 1(1 -magnets by means of a coil fed from some source of elec- 
trical energy other than the generator itself. This method, outlined 
in Fig. 39, produces the same results a."! the magneto method, without 
the (li.'iadvantagc of great bulk. It rcfjuires, however, n separate 
machine or batterj' for excitation purpo.scs solely, and the method 
is not employed in continuous-current practice, except where many 
machine) are in operation, or where their terminal voltage exceeds 
SIX) volts. It is largely employed in exciting the fiekis of alternating- 
current generators, since an alternating current will not produce a 
unidirectional magnetic field. 
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In either of the methods just mentioned, the e. m. f. of the 
machine may be governed in three ways — namely, by (a) altering 
the speed of rotation of the armature; (b) by varying the number of 
effective conductors by moving the brushes; and (c) by changing the 
magnetic flux through the armature. The latter is altered in the 
case of magneto-machines by shunting the flux away from the arma- 
ture through an auxiliary piece of iron. In the case of separately 
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Fig. 5J9. Diaprainmatlc Kepresont.ition 
of Separaiely-Excited (ienerator. 



Fig. 38. Diagrammatic Represen- 
tation of Magneu^Generator. 



. excited machines, the flux is varied by 
regulating the exciting current or the 
number of turns of the solenoid. 
Generatorsof the continuous-current 
type may be made self^exciiing by either of four methods. The 
whole current supplied by the machine to the external circuit may 
be passed through the solenoid, or a part of the total current may 
be passed through the field -winding; or two field-windings maybe 
employed, one traversed by the load current and the other by the 
shunt current; or, finally, the field-exciting current may be pro- 
duced by an e. m. f. generated by a separate winding on the arma- 
ture of the generator. 

(3) Series Dynamo. The series continuous-current generator 
outlined in Fig. 40 has but one circuit. It has, however, the disad- 
vantage of not starting to generate until a certain speed has been 
reached or unless the resistance in the external circuit is belowa certain 
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limit. It also is liable to become reversed in polarity, thus unfitting 
it for electrolytic work. Any increase in its extenial resistunce, nt 
a given speed, diminishes the current stream that excites the magnetic 
circuit, thereby loivering the c. m. f. Conversely, reduction of exter- 
nal resista.nce ^tends to increase the e. m, f. of the muchine until 
the IR drop and the armature reaction become so large that the 
available voltage falls more rapidly than the field stream incitases. 
The only series gienerators actually employed supply arc lamps m 
xrrics. and are pnnidod with automatic ref^Iators to matntaia 
constant current; hence the exter- 
nal voltage and power are directly 
proportional to the external re- 
sistance. 

(4) Rkunl Dynamo. In the 
shunt-wound generator. Fig. 41. 
only a small part uf the current 
in the armature passes through 
the field winding. The field-excit- 
ing circuit F,^ has, therefore, a rela- 
tively high resistance compareil 
with that of the external circuit. 
This macliine is tolerably self-reg- 
ulating within certain limits, when 
properly designed; but if over- 
loaded, it3 internal actions are 
such as to reduce its generated e, m. f. to zero. Its polarity never 
reverses of itself; and although it is a trifle more expensive to buy 
than the corresponding series machine, its self-regulating prrjiwrtits 
more than overbalance this. The amount of energy required f. r 
excitation in either scries or shunt field-windings for identical ma- 
chines, is precisely the same, since to produce a given flux (as shown 
in' the discussion of the magnetic circuit) demands a definite 
number of ampcre-tuma. In the series machine, the turns of wire 
are few in number, while die current in amperes is relatively large.J 
Id the shunt type, the reverse is the case. 

(.■t) Separate-Circuit, Setj-Exciling Gmcraior. The third lyj 
of sclf-cxriting machine i? that in which tlic field circuit is supplied 
by only part of the armature, or by separate windings on the armature. 




■Curreut Geotsralur. 
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as represented in Fig. 42. This arraiigemonl is adoptixl for A. C. 
generators and for D. C. machines in which the e. m. f. generated is 
over 80() volts, since it is undesirable to apply such voltage to field 
excitation. In effect, however, it is almost the same as the separately 
excited machine (No. 2, above). 

Generator Refutation. In all the simple methods of field excita- 
tion just described, the e. m. f. generated bv the dynamo varied 
more or less with load. If the 
load were constant (i.e., if the 
same number of lamps were being 
supplied all the time), the gen- 
erator could be designed to give 
a predetei-mined terminal voltage. 
But under usual working condi- 
tions, the load connected to an 
electric generator — such as lamps, 
motors, or other devices — is con- 
tinually changing, so that it is 
essential to provide some device 
whereby its e. m. f. may be varied 
to suit the varying load. The 
generated e. m. f. is the sum of the 
terminal voltage and that lost in ' " ofSBiiSi woumt'opnaraior. ° 
overcoming internal reactions, the 

latter quantity varying with load. As state<l previously, there 
are three methods for regulating the generated c. m. f. of the 
djTiamo — namely, by varjing the sp<>ed of rotation of the urmn- 
turc, by varj-ing the magnetic flux, and by changing the nundxr nf 
elTective or active armature conductors.* Of these three possible 
methods, however, the only one utilized Is that of varjing the mag- 
netic (lux, it having been found more convenient to regulate the 
prime mover for constant speed than for speed increasing with load, 
while the method of changing the effective armature conductors by 
shifting the brushes is conducive to had sparking at the commu- 
talnr. As has been noted, the most advantageous way to vary the 
magnetic Rux is to vary the current in the energizing coils. 
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Since the current in the field-exciting coils is dependent upon the 
c. m. f. impressed at their terminals and upon their ohmic resist- 
ance, we can increase the magnetic flux by decreasing the resistance 
of the field-exciting circuit or by increasing the terminal voltage im- 
pressed there. Also, the flux may 
l)e made to increase with load, 
hv passing the extenial current of 
the generator through a few turns 
of thick win*, callcnl mrirs turns 
or compounding furnSj placed upon 
the field-cores. The first meth(Kl 
is usually non-automatic, and is 
applicable to shunt and sepanite- 
Iv excited machines; the second is 
applicable to separately excited 
machines; and the third, to both 
tj'pes ; and a generator thus equip- 
ped is called a compound generator. 
Methods of Compounding. (1) 
Separate and Series (Deprez). 
The connections are shown diagrammatically in Fig. 43, a separate 
source of e. m. f. being used to produce the initial and constant 
excitation, while the extenial current of the machine is led through 
a series winding, thus compensating for the internal drop of the 
generator to any desired degree, even increasirpg the terminal 
voltage with load if desired. 

(2) Shunt and Series, By far the most widely used of all 
compounding schemes, however, is the one in which series turns are 
added to the plain shunt winding, as illustrated diagrammatically in 
Fig. 44. liy properly proportioning the ampi»re-tunis in the shunt 
and series coils, the terminal voltage-load cur\e may Ik* made to 
take any desired form. For instance, it may be made constant, 
increasing or decreasing throughout the rated load range of the 
machine. This arrangement will be considered in detail later on. 

(3) Booster Method. This consists essentially of an auxiliary 
generator in series with the main machine, the e. m. f. of the former 
being low; and since its field winding is in series with the external 
circuit, it will automatically regulate the voltage of the combination 
in accordance with the load 



Fljc. 42. DiaKraniniatic Representation 
of a Separate-Circuit, Self-Exciting 
Generator. 
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(4) Miscellaneous Methods, If the generator armature be 
wound according to a special scheme devised by Sayers,* the field 
excitation may be produced by a simple shunt winding, and a com- 
pounding eflfect produced by giving the brushes a backward lead. 
Other methods of compounding may be found in S. P. Thompson's 
**l)ynamo-Electric Machinery." 

Actions in the Armature. Thus far we have considered the 
annaturc and the field of the generator separately, assuming that the 
former did not affect the hitter. It is found, however, that when the 
armature of a generator or motor is carrying current, its action is 
not the siime as when it carries no current, owing to the distortion 
of the field flux by the magneti- 
zation of the armature. In order 





Fig. 43. Separate and Series Method 
of Compounding. 



Fig. 44. Shunt and Series Method 
. of Compounding. 



to study the effects produced, we shall consider a ilynamo of the 
simple bipolar type (Fig. 45) with a ring armature, when the ma- 
chine is operating without and under load. 

Suppose the armature to be rotating clockwise, when viewed 
from the commutator end, and that the north pole of the field-magnet 
is at the right of the armature, the south pole being on the left, as 
in Fig. 46. The flux will then pass from right to left through the 
armature; and the e. m. f. generated in the moving conductors of 
the armature is, in accordance with Maxwell's law, as follows: 



•See £. Arnold's Gleichttramnuuchine (Erster Band, Berlin, 1902), pages 417, 449, et teq. 



In all ibe comluctors which are ascending, the generated e, m. f. 
is directed toward the obsener; while in all the descending conduc- 
tors, the generated c. m. f, is directeil awav from the obsen'er. It 
tile circuit through the armature is closed, the generated e. m. f. ftill 
produce u current flowing in the same direction; and in Fig. 40 the 
current-flow in the armature is toward the top and away from the 
bottom on both sides. This result is obtained when the armature 
is wound right-Iiandc-<ily, being the opposite if the winding is left- 
han<led. With a drum-wound armature, the result is the same; but 
the diagram is moi-e complex on account of the end connections. 

It will be noted that tlie patli of the current is from bnish to 
bnush, through each of the armature coils, without going to the 

commutator ex- 
cept where it 
passes out to or 
return.'* from the 
external circuit- 
We have seen, 
however, in the 
ideal djuamo, 
that the e. ni. f. 
generated in an 

armature coil ia proportional to the time rate at which the 
fiux is cut. In the case illustrated in Fig. 47, no two armature 
coils are cutting the same amount of flux at any given instant, 
so that tlie voltage generated in each coil depends upon its position 
in the field. Since one-half of the enibs are connectetl in series 
between the bru.shes, the total difTen'uce of potential fp. d.) measured 
at the latter will at any instant be the sum of the instanlane(»us 
e. m. f.'s generated in the individual eoils. 

If the field were uniform, it is plain that the flux cut at a given 
instant by any one toil would l)e proportional to the sine of the angle 
which it makes unth the direction of the field at that instant; so tliut 
if we plot the values of these instantaneous potentials as oittinates, 
and the rtirre.sponding angles as abscissa*, we obtain Fig, -17. 

Thus it is seen that the p. d. obtained at the hrushe.H may be 
compared to that obtained iit the terminals of n battery connected 
as shown in Fig. 4S, each c-ell representing an annature coil and being 




of simple RIHK 



I>Y\;U10-EI,EC1'UIC MACHINEKV 



stip;K}st<(I to supply an e. m. f. c^iual to that generatetl liy the (.iiil it 
n-places. The It^nniniil voltage will then lie olitaincil liy adding all 
these poteniiala Ivtween the t)°and the l.SO° positions In Fig. 47, 
or intefi^itlng the voltage eune lietween these limits, the negative 
part Wing exactly e<|ual to the positive half if the dynamo is sjm- 
■metrical. The sum thus obtained grows slowly at first, then rapidly, 
and slowly again as it reaches its highest value, repeating this pro- 
gram in the other half-circumference. These facts are shown at 
rrdnced scale In Fig, 49. In the actual ilynamo, this integration is 
effected Iwcause the coils are connected in series; and it is po.'jsible 
to demonstrate this exi>erimen tally. 

Exploration of Potentials around a Commtilator. I^'everal more 
or less simple ways of showing ihe distribution of the generated 
e. m. i. around the 
coninnitator of a 
dynamo, have 
lieen suggested,* 
Im t only one, Mor- 
dey's method, will 
be taken up here. 
It consists m con- 
necting one terroi- 
nalof a voltmeter, 
preferably an elt^c- 
tmstatic one, to one brush of the machine, and the other terminal to 
a small pilot brush b (Fig. 50), which can be moved from point to 
ix>inl around the commutator. The annaturp of the generator is then 
rotated at its rated p. p. m. (revoiulions per minute); and, starting 
at the brush X, h is placed in successive positions around the coni- 
mutjitor, the voltmeter reading in each position being noted, together 
with the corresponding angular situation of h. 

These results, plott(;d with the voltage readings as ordinates and 
the corresponding values of angular situation.s of b as abscissa-, are 
as represented in Fig. 51 , when the armature is carrying no current. 
The curve so obtained Is not usually a true sine cun'c in commercial 
machines, because the magnetic field in which the armatuiv rotates 
is mil uniform. Also, we shall see later lliat when the armature 

■S*eS. P. Tlioiupson'i "DjTDititui-Ek-cttie MiicbUii^ry.*' VuL. I (X. V . IDUli.pikgpWL 
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carries a current, its presence causes a further distortion in the dis- 
tribution of the flux. Furthermore, the setting of the bruslics 

or an injudicious 
shaping of the 
pole-pieces will 
cause irregulari- 
ties to be present 
in this curve, ex- 
amples of which 
liave l)een given 
by Von (Jaislx:rg*, 
Kohlrausch**, M. 
K. Thomson***, 
Ityan'f', and Slieji- 
liardsonff. 
Reactions in Ihc Armature. This leads us to consider tlie ri'ac- 





tions of tlie armatUR" when the generator is operating, which i 
manifested in many ways, the most important being: 

(1) A tendency to cross-magnetise the armature. 

(2) A pronencsB to spark at the brushca. 



• SUttroltciniiclie ZtUxJiiift, m tJ. Feb. ISM. 
•• Centralblatt fir SItklrottclinit. ix 41fi. ISST. 
"•■■Electrical World." XTll MB, IBSI. 

t Tnuu. Amsr. Inst. Elec. Engrs. , vU 3, 1900. 
tt ■'American Elaetrlclui," x US. IMS. 
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(3) Variation of the neutral point of the armature with thp ai 
of eiurent. 

(4) The consequent neeeaeity of shifting the brushes. 

(5) A resultant tendency to demagnetize the armature. 

(U) Losses due to eddy currents in the pole-pieces, armature 

(7) A resulting difference between the input and output. 




Piitentliils uround 



As these reactions have much effect upon the operation of the 
commercial machine, they will be considered in detail. 

Cross-Magnetizing Effect of Armature Current, 
from Fig. 4S and the accompiinying text, that the a 
rnitor iiiuy be likened to a 
combination of voltaic tells; 
Init the urmalure cnming 
current nrnnifests a ma-;- 
netic effect absent in the 
latter. 

If we consider the .-^ol- rif-w i',ii.i.iii lr!llM^lll^'. 

eiioid of page 4 to l>e Umt 

artmnd so as to form a semicircular ring, and to have insiTlcil into 
il an iron core of the same form, one end of this <-ore would act as 
a north pole, and the other end as a, south pole, when currvnt cin'u- 
latcs ill the winding {Fig. 52). By taking an exactly similar senii- 
circwlar ring and placing the two together so that their north poles 
and the south poles are respectively coincident, we are able to repro- 
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Fig. 53. Circulation of Current arouad 
Ring Armature. 



duce the magnetic effect uf current flowing in the armature. That 
is, when the generator supplies energy to the external circuit, the 
armature has poles produced m it corresponding to the brushes — 

namely, where the current enters 
and leaves the winding. This mag- 
netization of a simple Gramme ring 
armature (Fig. 53) is indicated in 
Fig. 54, the general direction of the 
flux being through the armature 
core along both paths from a and 
5 to n and s, where it emerges into 
air, forming respectively the poles 
of the armature. The main por- 
tion of this flux returns outside the 
ring, while a small portion passes 
across the interior. This latter 
portion is extremely small in commercial machines, on account 
of the presence of large masses of iron in tlie pole-pieces which 
are outside. 

The cross-magnetization of the armature produces a distor- 
tion of the flux in it; but this 
would have small effect upon the 
e. m. f. if the line of commuta- 
tion did not also change with the 
armature current. This change 
necessitates the moving of the 
brushes; and then the armature 
not only produces a cross- 
magnetizing effect, but also has 
a demagnetizing tendency. It 
is this latter w^hich diminishes 
the generated e. m. f. 

In order to study the result, ^'«'^' ^^'^^^^l^Jl-^St''"" '" ''""''"'' 
let us suppose the simple bipolar 

djiiamo of Fig. 45 to be arranged so that current may l)e passed 
through its field windings, its armature when rotating, or tlmnigh 
Ijoth. When the field alone is excited, the flux distribution will Ik» 
substantially as indicated in Fig. 55— that is, quite uniform in the 
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pole-pieces, air-gaps, ami amiafiire. If, nuw, the field-exciting circuit ^^^| 
be opt-ned, and if a current \k supplied to the rotating armature ^^^^| 
pqual to its rated load current, the flux distriliutioii shown in Fip. ^^^1 


50 will exist. Bv combining these 


^m 


two conditions of the flux, there is 
produced the distortion shown in 
Fig. 57, which is the resultant flux 


ifccxff ■ 


distribution in the generating por- 
tion of the machine. The magnet- 
ism is distorted in the direction of 
rotation, as if the annature tended 
to draw after it the flux issuing 
from the field-poles. But this is 


^g)H ■ 




w®ww^ t±teeew ^^^^^^^^ 

FtK. 5A. Flux Du.^ to Flel.1 Alune. ^^^| 


not the physical fact, because we 
find that in electric motors the flux 
is distorted in a direction opposite 
to that of the rotation of the ann- 


OOOOO '\ N' .'■' ooooo ^^H 

ooooo j,»B/„ ooooo ^H 


ature. In fact, the flux-distribulion 


is the same whether the annature 




lunis one way or the other, or not 
at all. On account of this flux dis- 


OOOOO --'' 5' \. ooooo J 


tortion, brushes must be set, not 


PIff Ml. F-lnTTHifltn A»mM.„i.oiln,.o ^^^J 


midway lietween the field-poles, but. 


^^H 


in the case of generators, somewliat 
ahead of this line of symmetry. 




Conserjuently the armature m. m. f, 
will be obliijue to that due to tlie 


3g|^ 1 


field-rnagnct, and a furtlier distor- 
tion will result. 




.>^^^_^c/' ^^B 


Tliesc relations are shown vec- 
torially in Fig. 58, the line OF 
representing in direction and mag- 
nimdc the flux due to the field- 


e9e«« ^ *ee*® ^^1 

Fli-. S7. PliiiDnoloFnelilnna 
Ai-iuatiire. 


magnet, and the line 0.1' the dircc 


ion and magnitude of ihe flia 


set up by the armature current with the brushes in the line of .sym- j 


mctrv or vertical position. In this ca.sc. OR' represents the nsulfnnt ^J 


flux in value and direction, and the Imishcs should U- shifi.-.) to ft.,. ^^M 


line OH", perpendicular to OH'. The armature component cf the ^^^| 
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flux also shifts to this direction, but with unchanged magnitude 
because the ampere-tums and other relations of the magnetic circuit 
are not varied. This will produce a new resultant OWy and the 

brushes should be 
shifted until the 
line of commuta- 
tion OA is approx- 
imately perpen- 
dicular to 07?, the 
final flux vector. 
These conditions 
are also repre- 
sented in Fig. 59, 
OF l)eing the field-magnet flux, OA the armature flux with the 
brushes shifted, and OR the resultant with the main line of the 
flux (PQ) as an extension of it. 

In the case of dnnn-wound armatures, tlie phenomenon is similar 
but not so easily traced. In consequence of the overlapping of the 
end-connections, the magnet- 
izing effects of some of the 
coils are neutralized, and as a 
result the production of poles 
is not so marked. Neither 




Fig. {>& Maguetic Reactions in Armature. 
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Fi)?. GO. Curve of Armature Distortion. 



can there Ix) any intcnial field. As a matter of fact, dnim-wound 
annatures arc not tmubled to the same extent with induction 
effects as are ring-wound ones. With these exceptions, however, the 
facts here considered apply equally to drum-wound and ring-wound 
armatures. 
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The distortion of the flux through the armature also produces 
a disturtion in the wave of induction, as may be shown by explorinj; 
the [x>tential(!itferences around a commutator by Mordey's method, 
when the machine is carrying its ratc<l load. Such a cur\'e is shown 
m Fig. (10. 

Sparking at the Commutator. On page 20 we have seen that 
the rotation of the armature in the field of the machine generates 
altcnmting currents in the conductors, A consideration of Fig. 57 
shows that all the current flows toward the spectator in the con- 
ductors whicli are rising, and away from the observer in all the 
descending conductors, the* brushes in this case being supposed 
present at N' and S'. Thus, when a coil passes under one of the 
brushes, the direction of the current in that coil is reversed. Owing 
to the fact that even a single armature coil possesses some self- 
induction, the current cannot change instantaneously; that is, a 
certain definite Interval of time is required, dependent upon the self- 
inductive property of the armature coil, as well as U|)on its resistance. 
During this interval, and until the whole current can take the new 
path through the coil, a 
portion of the current con- 
tinues to flow from the re- 
(eding commutator bar, 
through the air, to the 
hnish, in the form of a .spark. 
It 'is the interruption of 
this latter curn^nt, as the 
commutator bar leaves the 
brush, that pnxluces the 
.'■park. 

Commufalioii. In unler to understand exactly what happens 
when a current is commutatcd, let us consider what takes place in 
one section of an armature winding, and at the two commutator bars 
attached to the latter, when the bars pass under a brush. 

Fig. 61 shows a portion of a ring-wound armature with Its colls 
A, B, C, D, and E connected to segments 1, 2, 3,4, and 5 of the 
commutator, and a positive brush just beyond the leading tip of one 
of the pok-piectas. The line nn' represents a line drawn in space so 
as to cut the commutator at a point where the voltage between the 
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nish, the 
■ards ^^^1 

is (lii!^^^^ 

' C must 
pr Uiat . 

Rt this I 



brush and the bars thus passed through is zero. 'I'lie bnj 
assume*! placed in this line. 

Now, Wforr any given section of the winding rcaehes i 

shown in the figun*, a current »Hll be Howing in it in the dint'tioii of 
the positive brush; ami after the section has pa.ssed the bnish, the 
current, although reversed in direction, is still flowing towards 
hnish. 

Tlie figure shows the instant at which coil C is short-dre 
1))' tile lirush through the commutator bars 3 and 4; and it is d 
the brief interval of this short circuit that the current in coll C must 
be reduced to zero, reversed, and then built up again in onler tliat 
there shall be no ten<lency for a spark to form between the linwh I 
the bar 3 at the instant they jwirt. 

As to the establishment of a reverseil current in section C « 
it is short-circuited by the brush, it must be remembered that t 
coil is at this instant supposed to lie occupying a position such that 
there is no e. m. f. being generated in it; that is, it is in a iieutml 
position. In coils to the immediate left and right uf coil C, however, 
e. in, f.'s are Ijeing generate*! in such a ilirection as to cause the 
resulting current to flow towards the brush. If, therefore, we a 
the brush forwartl — that is, in the direction of rotation — from 
present position in the neutral line, the section short-cireuite 
that brush will W' plac*il in a region where a p. d. will W ge 
l>etween its terminals in such a direction as to assist the i 
current aliove mentioned. Also, the greater the forward Icail— 
is, the further away fnmi the neutral line in the ilin'ction of r 
the brush is move*! — the greater will l>e the p. d. so geiierutt 
that by trial, a position of the brush may Ix- found where I 
dition of sparklcss collection is fulfilled. 

Tile use of high-resistance carlxin bnishes tends to cause B 
cn-ase to zero of the current existing in the sections tx-forc lir;y n 
the brush, -since the latter forms part of the sliort circuit. 
use also aids the establishment of the reversed current in the s 
circuited section, bcfon- (he brush and segment part company, 
is due mainly to the i-ontact resistance between ibc brush and] 
commutator, as follows: 

The eunvnt flowing across the contact urea of the bnishd 
leading .segment under it (in the ligUR', segment '-^U prmhici* a d 
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of potential there, which is small on account of the large area of con- 
tact, at the instant depicted. A moment later the bnish is making 
[letter contact with .segment 4, and poorer contact with segment 3, 
so that the voltage drop acniss the contact area of the brnsh and 3 
has risen above that of the brush and 4. Heni-e a current will tend 
to flow from segment 3 to segment 4, as a reverse current through C, 
Ix-ing prodiieed by the difference of potential between them. Thi.s 
state is comparable to that of the onlinary potentiometer, where 
a "drop" acts as an e. m. f. in producing a current flow. The 
voltage resulting from this potential difference across the two con- 
tiict areas mentioned, assists that tending to produce reversal. 

Thus, its the commutator moves under the brush (as.iuming the 
latter to have a forward lead), the e. m. f. for reversal, the p. d. 
due to the varying contact area of the brush, and the resistance of 
t!ie short-circuited 
coil, combine to 
reduce the current 
in the latter to 
ztTOiWliilethe self- 
induction of the 
coil tends to pre- 
vent any cliunge 
of the current in 
if.* Thi.i zero 
comlition should 
occur when the 

ureas of contact between the brush and the two (in this ca.se) bars 
pa.'i.sing under it are equal. Then, when the segments leave this 
pu.sition, the p. d. between them will increase, thus a.ssisting the 
ilirpct e. m. f. (produced in the coil by the flux from the hindward 
polc-hom) in establishing a current in the coil in the reverse direction. 
Opposing this are the resistance and 'self-induct ion of the coil. With 
proper conditions, the various reactions mentioned may be so pro- 
portioned as to produce in the coil from which the short circuit is 
about to be removcil, a current equal in amplitude and direction to 
tliat flowing towards it from the preceding coil. In the figure, coil 
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If (o) Instant before Commenoement 

// of Commutation in Seclion All. 



ir (b) End of First Quarter of Ppriod 

// of Commutation in Section AR, 



In (r) End of Second Quarter of Period 

j of Commutation in Seclion AB. 



-Jr. id) End of Third Quarter of Period 

^ // of Commutation in Section A B. 



/(e) Commutation in the Section AB 
Completed. 



"gd^oai 



'<?0 
Fig. A ProcsH ol CommulstloD. 
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C n-ou1d be the one to have the short circuit removed; and B, thp 
preceding coil. Then segment 3 will pass out of contact with the 
lirush without a spark attempting to follow. 

Reastance during Reversal. Let us assume that during com- 
mutation the brush contact resistance is inversely proportional to the 
area of contact. Then, in the ideal case, where the coils of the 
armature are devoid of resistance and inductance, the curve of com- 
mutation will be as shown in Fig. 62, C representing the value of ihc 
current to be commutated, the instant when commutation com- 
mences, and T the period refjuisitc for thus action. Here the current 
gradually diminishes to zero at the middle of the commutation p<Tiod, 
and reaches its negative maximum value at tile end of the time T. 
This process is shown in detail in Fig. R3, the brush being wide enough 
to span one ccmrautator bar. 

In this case 20 amperes flow from either siilc of the armature to 
the brush, the latter leading away 40 amperes. If we suppase 
the bnish area to be one square inch, then, when. the commutator 
is in the position indicated by Fig. 63 (t), the ari'a of contact of the 
.segment A is reduceti to J square inch, while that of the segment H 
has become \ square inch, so tliat 10 amperes will flow into the 
brush from B and -30 amperes from A, the additional 10 amperes 
through the latter coming from the short-circuited coil. ^\'hen the 
commutator has moved forward so that the area of contact of each 
brush is the same — that is, t of a srpiare inch— ,1 and B will each 
pass 20 amperes to the brush from either side of the armature, the 
coil undergoing commutation carrying no current at this instant 
(see Fig. 63. c). At the end of the third quarjer of the commutation 
period, the commutator has reachefl the position shown in Fig. 6.3 
(rf), the area of contact of segment A with the brush being } of a 
5f|uare inch, while that of B is ^ of a square inch. Hence A will con- 
tribute lOampres and B 30 amperes to the brush, the coil under- 
going commutation now carrj-ing a current in the direction reverse 
to that indicated in Fig, fi3 (fc), and in the same direction as the current 
in the coils on the right. At the end of the commutation period, the 
current in coil A~B has increased to the full value of that flowing in 
its right-hand neighlx»r; and when the bnish and segment, I piirt com- 
(Miny no spark will result. 

Fig. 62 shows the variation of the current during this period, 
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if we neglect the resistance and inductance of the armature coils, 
thert-fope remains to consider the effect of these reactions. 

Commutation Curves. If the resistance of the armature coilsfl 
not negligible in comparison with the contact resistances, tlien the 
current collected will not be rigidly proportional to the areas of con- 
tact. For. suppose that in Fig. 63 (h) the contact resistance over 
A is 0.04 ohm, and tliat that over B is 0.12 ohm; then, if the reslstanci; 
of one coil of the arma- 
ture be taken at the ex- 
aggerated value of 0.01 
ohm, 20.6 amperes will 
go through ,4, and 10.4 
ampereswill |)ass tlirough 
B. In other wonls. the 
presence of resistance in 
the cijils of the armature' 
n'<luces the ratio of eur- 
re'uts during the first 
half of the commutution 
period, and increases this 
ratio during the second 
half. This is shown 
graphically by the curved 
line in Fig. M, the 
straight line iiidicalui 
the ideal case. 
The effect of self-induction, although not easily shown quanB 
lively, would modify the ideal current curve as indicated by PV 
in Fig. an, PL^U showing the result obtaine<l with incre'ase<l self- 
induction. Self-induction tends to retan! any change in the curre«l, 
so that the sjime is not completely reverse<l at the end of the o 
mutation |)eriod. At the last instant, then, as the surface of conti 
between the segment A and the bnish diminishes to zero, the conU 
resistance rises with extreme rapidity. The pnxluct of this n 
ance and the still uncoramutatcd part of the current, will constitt 
a p. d. betwc-cri the ntrt'iiting .segment .1 and the tip of the l 
This p. d,, repri'sentcd graphically by QU in Fig. <i.j, tends to s 
AfiparkjUiid may be briefly called iiieaparking or mainlaining e.i 
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Tile resulting commutation cun'e for any machine- is made up 
of these two effects, the quantity of each depending ujxjn tlie design, 
and of some details at present obscure. Messrs. Even-tt and Peake* 
found experimentally that the curve hati the form shown in Fig. 00. 
Cun-e A indicates the initial rise which may obtain at light loads, 
with an oval resultant at the negative end. B illustrates under- 
commutation with insufficient lead. C shows, with increased 
load, a rapid reversal at the beginning of the commutation 
pc? nod, but under-coinmutation toward the end. /> represents a 
gradual fall of the current, which slackens toward the end. 

Effect of Increasing Breadth of 
Brush. Increasing the breadlh "f 
the brush not only lengthens the 
]>erii>d of commutation, but also 
permits commutation to start in 
one coil l>efore the [irtvciling vW 
lias entirely passeii through this 
stage. 

In l''ig. 07, let U.s assume tlie 

l>nish to liave an area of ^j si|u:ire 

inches, and that it can completely 

cover two segments at one time, 

the cunviit cnllct'ted bv the brush t-^u.as c.irv-.ifcmniuniaiii.iioi)- 

•' wTvmi by Mvoren.«nd Peake. 

being 120 amperes. Then Fig. 

67 (fl) shows the state of affairs when the segments .1 and Z arc 
under the brush. An instant later, the commutator, in moving 
clockwise, starts to uncover segment Z and to c-over segment B, .so 
ihat at the end of the first quarter of the peritHl of commutation, the 
irsult will Ik- as indicated in Fig. 07 (b), for the ideal ca,se. Simi- 
larly, in Fig. 07, c, d, and c represent respectively the conditions at 
tlic end of the second, thini, and fourth quarters of the [■ommiitHliou 
period, the direction of current and its magnitiide in each coil bei ig 
indicated by arrows and figures. We see from thcw that the con- 
ditions of Fig. 03 (page 44) obtain throughout, the current in the 
sliort-circuited coils being wm at the middle of the jK-riod of cora- 
niiitalion; s<i lluil we may einielnde that the act nf fomniutiUion i.s 
not altered by increasing -the width of the bniah. 
•&W SlKirkiM. Lowloa, Vol- «. )>. ISI ; Vvl 13, p. 3K. 




DYNAMO- ELECTRIC MACHINERY 




120 




(</) End of Third Quarter of PcrEod 
of Commutation in Section AB. 



f/^ Con, 



(c) Com mil tat ioa in Section AB 
ipleted. 



5° 2-- "-"go 

Fig. tt. Process at Commntatlon.— Brusb CoTerlng Tiro S^menM 



Sumniar)' of Results. Tlie considerations above in(l!cut»l as 
to ineaiis for cHtitrolling the sparking at the commutator.s of ointiim- 
ous-curruiit machines, may be summcii up as follows: 

(I) Keep (he inductance of the armature coils low, by deiTcasiiig the 

per conimutfttor 
Gegiiieot, by satu- 
rating the teeth, 
and by properly 
sliaping the pole- 
piccci to produce 
a roversiil rricge. 
(3) Keep the 
vi)llg (icr segment 
of the (■..rnmulator 
low by having a 
largo r umber of 
f CI ui mutator scg- 

(3) Control 
J !■ tort ion of the 
main Hux in order 
Ut have tbc field 
un<ler the hind- 
ward polc-huro 
GuflicLontly strong. 

W Properly 
dimension amide- 
niftn the eoininutator-bruBhi 




Ampenes per SquaTeJnchol Bi 
FIb- fiS. Vol taee- Prop Curves o( Vftrioiis flmdi 
GrapliltBBru*liB!,iiiD(- 



* brush -holders, and other brush-gear, so aw to 

I the filiiftiiig of the brushes to llie pro|M.'r position, and to enable the 
bruoliua lo make contact with the coiiirautaf.or at all times. 

(S) Keep the surface oC tlio commutatof smooth. 

(G> Add Bpccml features U> the machine. 

To SVC clearly the application of most of these s]»erial fcaluivs, 
it \a desirable that we first consider another property of an armaliire 
cjirryinK current— namely, its demagnetizing effect. 

Demagnetizing Effect of Armature. To eliminate sparking ut 
the nimmiilutor, wc have seen Ihat it is necessary lo sliJft the bruslies 
jihead of ihc neutral line in generators, and back in case of motors. 
'Hie n-sullanl effect is to produce in the annaturc a magnetomotive 
fiirw I'm. m, f.) opjiosctl to that of the field -winding. Considering 
Kig. 09. when'in llic bni.slic.s are supix>.sit! to be shifted to the line mm', 
the remainder of the (igiire U'lng as l>efnrf. it is seen that the currents 

* With rMp*cl W matcrlia tad UitflkUMii. set n$. % 



50 DYNAMO- ELECTRIC MACHINERY 




are flowing toward the observer in the armature conductors to the left 
of the neutral line nn\ and from the observer in those to the right of 
that line. Now, suppose the two vertical lines ad and be to be drawn 
across the section of the armature and through the points of commuta- 
tion. The arma- 
ture conductors 
are thus divided 

^1^^)15^ ^-.(TSX^^^^^S^ (?^K??)(?^ into two bands, 

those to the right 
of the line ad and 
to the left of the 
line he tending to 
cross-magnetize 
the armature, 

eluded between 
these lines produce 
a m. m. f. opposed 

FlfC. 00. I)«MnaKnetIzinK Action r>f Armature Current a xi_ x # ^i 

of Generator. to tnat 01 the mam 

field, since the 
current in these turns passes around the flux in a direction opposed 
to that of the field-exciting current. The breadth of the belt of 
demagnetizing windings is evidently proportional to the angle of lead, 
•since it subtends double that angle. In such an armature generating 
50 amperes, each conductor would carry 25 amperes, since there are 
two paths in parallel; and as the number of cross-magn6tizing turns is 
12, and the number of demagnetizing turns is 4, the "cross-ampere- 
turns'* would be 25 X 12 = 300; and the number of "back ampere- 
turns'' would be 25 X 4 = 100. 

This demagnetizing influence, w^hich is proportional to the angle 
of lead of the brushes, tends to weaken the field in general, while the 
cross-magnetization, proportional to the ampere-turns not included 
in the demagnetizing effect, tends to weaken the flux under the hind- 
ward pole-honi, and strengthen that under the forward pole-tip. 
Hence the impresso<l m. m. f. (that of the field-magnets) must be 
strong enough to force tlm)ugh the air-gap in the magnetic circuit 
sufficient flux to permit of sparkless commutation in spite of the 
demagnetizing effects. Since the cross-magnetization is responsible 
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fur tlip liistortion which produces sparking, it rt'inuius tu consider 
tlie rfinethes. 

Cross-Reluctance Remedies. Fig. 70 sliows that increased aii^ 

gap in the magnetic circuit JIAGDH will diminish the cross-flux. 

This method is somewliiit ob- 

/ ^'■'"f'"--, \ jec'tionable, however, l)eeiiiise, 

iu order to produce the same 



'' --'^--- 




■X. 


\ \ 












; / ^-'^Iv;-. :' 


i\( 


^ 


i'^j 




flux through the field-circuit, a 
greater in. m. f., and hence a 
larger numWr of field-exciting 
turns, are required. This dis- 
advantage may l>e overcome in some types of generators by forming 
a V-groove in llie pij.ir mass behind the face, as shown in Fig. 71. 
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LiiUHlludiunl (Jap3 
..r Oblique Slola. 

Another plan is to thin down or actually separate the two halves 
of the circuit, and thus dirottle the cross-flux. S. P. Thompson has 
suggested constructing the field-cores of pieces of iron with longi- 
tudinal gaps.as indicated in Fig. 72,or slotting the pole-piece obliquely 
Its in Fig. 73. the neck of the casting here becoming highly saturated 
and offering lai^o reluctance to Uie erosa-field. 
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Another arrangement consists in making the forward horn of 
cast iron, and the rearward hom of cast steel, the joint being 
oblique, as indicated in Fig. 74. 

Cross-Compounding Remedies. Some 
designers provide a m. m, f. equal but op- 
pose{l to tile cross-magnetic m. m. f, Elihu 
Thomson placed a series ("compoiniding'") 
coil on a separate frame surrounding the arm- 
ature, and tilted it in a direction counter to 
the rotation so as partially to counteract the 
cmss-flux. Swinburne suggested that a small 
auxiliary coil in scries with tlie armature lie 
wound around the ])ole-tip in onier to main- 
tain a field for reversal at this point (Fig. 7!),a). 
Menges, Mather, Swinburne, and others 
have advocated the use of auxiliaiy poles at 
. right angles to tlie main poles, excited by 
i^T S^^'iS s^t coils in aeries with the armature. This fea- 
m^'K'iSyD'Stort"n« tui¥ is now embodied in ibelntir^jwle motor. 
S. P. Thompson proposed tlie use of com- 
jMund winding having series ami shunt tolls at different angles, so 
Unit, as the annature reaction tendeil to shift tlie main flux forward. 





the increasi'd enrrent in the series coils would produce a m. m. f. 
ten<ling to drive it back. Menges suggested winiling series Itims 
uptm the polar parts of machines with double magnetic circuits. He 
wa,s the first to .suggest (1SS4) a cross-eomiK»und winding having the 
auxiliurj- poles set to produce a flux at right angles to the main flux. 



DYNAMO-ELECTRIC MACHINERY 



Fislier-IIirinen, Prdfe-s-wi" Forbes, Rlonlev, and S. I'. Thompson 
wind these coils In a notch at the center of the pole-face Ehhu 
Thomson also suggested the use 
of unufiujid auxdiarj poles at 
nght angles to the main poles. 
thereby lo'lin. oif th. -r.sfiux 
to strengtlii II n [i m lin 





plete solution was proposeil independently by 
Fisher-Hinnen, who insert a number of coils 




in slots cut in the face of the pole parallel to the shaft, the coils 
lifing conn«;Ied in series with the external circuit, and conslituling 
n stationary winding which produces a m, m. f. equal but opposed to 
that due to the armature, Fig. 77. This device is not extensively 
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Fig. 79. Unsyinnietrlt»al Pole-Pieit*s De- 
signed to Cout^euirate Field. 



eraploved, however, on account of the incieaseil heating as well as 
eompHcation and cost. 

Hutin and Leblanc proposed the placing of rods of copper in the 
pole-face, which rtxis are short-circuited upon themselves. This 

arrangement is intended to pre- 
vent ascillations in the direction 
of the magnetic flux at commuta- 
tion. It is much used in alter- 
nating-current machines, to fa- 
cilitate parallel operation (see 
Fig. 75, 6). 

Concentration of Field. 
Sparkless commutation may also 
be accomplisheil if the field is magnetically rigid — that is, not easily 
distorted. This stiffness may be partially secured by properly shap- 
ings the pole-faces or by making notches in them (Fig. 76), as sug- 
gesteil by Sayers, thus concentrating the flux at the tip. In Fig. 78 
are sho\Mi various forms of pole-tips, of which type a is not always 
good, but may be either extendetl as in fc, or cut off as in c. An 
extreme arrangement, suggested by Dobrowolsky, surrounds the arm- 
ature completely with iron, as in d. 
Another scheme, proposed 
by M. (iravier, employed the un- 
synimetrical form of poles shown 
ill Fig. 79. When the machine is 
working at small loads, the flux 
in the gap is nearly uniform ; but 
at large loads, the distortion due 
to armature current forces the 
flux forwanl and saturates the 
forward pole-horn, thus prevent- 
ing much change in its flux-density, on account of the saturation 
and the diminished area. Lundell combines this device with the 
slotted-pole metho<l, and pn>duces the pole shown in Fig. 80. An- 
other plan is to make the pole-cores of laminated wrought iron or 
steel, to which a cast-iron pole-piece is attached. 

A similar effect is produced by making the poles non-concentric 
with the armature, as in Fig. 81. This secures a suitable fringe and 




Fig. 80. Lundeir.s Form of Pole. 
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at the same time maintains a fair magnetic rigidity, Mr. C. E. L. 
Brown finds that inwardly projecting poles of circular cross-section, 
williout any pole-shoes or extensions, produce excellent results in 
generators which deliver large current. Other devices for securing 
a gradual entrance of the arma- 
ture conductors into the field, are 
to skew the hindward edge of the 
pole-shoe as indicated in Fig. 82; 
to shape the pole-sliocs with po- 
lygonal ends. Fig. S3; or to pro- 
vide clawed edges, Fig. 84. Some 
manufacturers leave out every 
otlicr lamina in the pole-tips, the 
n-sulting extra saturation helping 
to resist the effects of armature distortion. A somewhat similar 
<levice is that patented by Marshall, which consists in attaching to 
the pole-pieee groups of short, laminated iron plates with narrow 
spaces between them, thus reducing the net area of the shoe, while 
presetting the same effecti\'e area. 

Self-Compensating Armatures. The devices of Swinburne and 
Mordcy, which rt-lule to chord winding, have met with considerable 




t'is. 81. Notl'roncentrlo Pules. 




success. The most prominent of these methods is that of Sayera, 
who connects the commutator-bars to the armature winding through 
auxiliary compensating coils. One end of each commutator coil, 
Fig, 85, is attached to the junction between two main armature coils, 
and the other end is connected to a commutator segment. The 
armature and commutator coils are represented while short-circuited 
by the brush, a rapid reversal of current being produced by the com- 
mutator coil and auxiliary pole. With this method of winding, the 
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brushes may be given a backward lead, thus making the gencran 
3e!f-comp<iunding without a series field-coil. 

This completes the list of special features that may be added | 
generators or motors to eliminate sparking at the commiilf 
but most of these methods are not likely to be employed, on accnti] 
of increased complications and reduced efficiency In the larg 




machines built by the best manufacturers, none of these 
featuri's are present, liecnuse it is foumi that the heating limit 
machine is usually reached before sparking occurs. One proraini 
designer pays no attention to armature reaction, but relies u] _ 
largo numlwr of commutator segments to keep the e. m. f. per seg- 
ment at a very tow figure, also minimizing the self-induetni 
cf each armature coil by making it of few turns and of short length 
pftrallel to tlie shaft. For medium sizes or high-speed work, 
deiigii is now much used, especially where hirge distorting eff( 
are present. 

Conclusions. The special points to be observed in order to pre- 
vent sparking at tlie commutator may therefore be stated as follows: 

I. Tim armature amprrc-tuTns per pole Bhoiild not exceed 
definite X'aluuB j[i niacliini'B o! a given type. IF the volta per conimul 
aeement arc £ or leu, the artniiture ampere-conductura ehould nut e 
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20,000 ppr pole; while with 10 volta per segment, the nin pere-con due tors 
should Dot oxcccd 10,000. 

2. Long air-gaps are unneceasary if the armature teeth are highly 
aaturaled— Ihat ia, have a flux-dpnaity of from 20,000 to 23,000 apparent 
lines* per niuare eentimnter, or 125,000 to 150,000 apparent lines per aquare 
iiieh, both of the injurious olTocta of armature reaction beinii; diminished. 

3. Armatures should bo as short as possible in order to reduce the 
selt-inductance of the armature coils. 

4 ^ umber of volts per commutator segment should be low , 

5 Inductance of the short circuited coils should be low compiired 



ud the current density i 







Dead Turiih 

On aicount of tlie 
\ irious iJitemal re- 
actions present in 
tlie armature, the 
ttrminal voltage is 
not quite propor- 
tional to the speed 
with constant field- 
current. Inasmuch 
iis the machine acts 
as though some of 
its speed were ineffective, the name dead tuma lias been given to 
those revolutions by which the actual speed at any output exceeds 
that determined by strict prriportionalily. 

Spuriotis Resistance. There is present in every rotating arina- 
liire an apparent resistance pmportional to the speed, due lo the 
self-induction of the armature, as first pointed out by Calmncllas. It 
cannot be reduced by dividing the armature conductors into a greater 
number of segments, but can be made less by decreasing the number 
of conductors and Increasing the cross-section of iron in the magnetic 
circuit. Its value is lessened by the introduction of a counter-e. m. f. 
aiding the commutation of the current, as previously cxplainc<l. 

Eddy Currents. In discussing the magnetic circuit, it wa.s 
shown that parasitic currents may be produced in the iron parts 

■ ay appnriat Unit ptr tquiri cnttnuter 
voukl be prcsenl In the Meililf iiU UiqUiix Us 
i.-oi« ibruutiii iiie ueiii. 
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of generators if any of these parts form closed electrical circuits and 
cut flux. In the armature, the iron core rotates in a magnetic field; 






Pig. H7. Fig. 88. Pig. 8». 

Alteration of Magnetic Pleld Due to Movement of Mass of Iron In Armature. 

eddy currents are set up in this core, as shown in Fig. 86, and unless 
prevented from flowing, these currents will lower the eflSciency of 
the machine. Eddy currents will also be produced in the pole-faces, 






Pig. 90. Fig. 91. Fig. 92. 

Eddy Currents Induced In Pole-Pieces by Movement of Masses of Iron. 

due to the variation of the magnetic flux, as shown in Figs. 87-92; 
and they may in addition manifest themselves in the armature con- 
ductors if the latter are large. 

In all cases where eddy currents are likely to be large, the dicuits 
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affected are laminated so that the plane of lamination cuts across 
the path of this parasitic current. 

Drag on Annature Conductors. A conductor carrying a current 
is surrounded by a magnetic field, as shown on page 2. If, now, such 
a conductor be placed in a uniform magnetic field — as, for example, 
between a large north pole and a large south pole — a compound field 
will result, having the distorted appearance shown in Fig. 93. The 
direction of the mechanical force exerted may be determined by 
supposing that the flux acts as a 
bundle of elastic cords tending to 




Ftg. 10. MkBDrsUO 1 

due lor Carrying 

luMagnellc Field. 



shorten themselves. As a matter of fact, there is tension in the 
direction of the Ilux, and stress at right angles to it, proportional at 
every point to the s(|uare of the flux-density. A conductor in which 
current is supposed to be flowing toward the observer will therefore 
be urged in the direction of the arrow. Fig. 93; so that in every dynamo- 
electric machine the current generated produces a mechanical resctioo 
which ttnds to stop the motion producing them. 

If ihefonducfors are imliedded in slots or holes in the armature 
core, Fig. 94, it is found that the drag comes upon the iron, the mag- 
netic field being distorted as shown. In fact, the flux no longer 
directly cuts the conductors, but, as it were, flashes from tooth to 
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tooth. In addition to thus relieving the conductors of the drag 
eCFect, the teeth pennit a much smaller air-gap to be used, sometimes 
reducing it to a mere mechanical clearance. 

Stray-Power. In all practical machines there is a difference 
between the input and the output. In electrical machines, this dis- 
crepancy is caused by the following reactions: 

1. Armature-resistance drop producing I*R cflfects. 

2. Friction of bearings and brushes. 

3. Air-friction of the rotating armature. 

4. Hysteresis in the armature core. 

5. Eddy currents in the armature core, conductors, and polar pro- 
jections. 

6. Energy is also consumed in the field winding, due to I^ R effects. 

Nos. 2, 3, 4, and 5 are grouped under the head of stray 'power 
losses, being from 40 to 60 per cent of the total loss. No, 3 is small, 
except in those cases where the armature spider is provided with 
fans to aid ventilation, and where special ventilating ducts are pro- 
vided in the armature, as in most modem machines. No. 4 is by 
no means negligible, but never adds more than 1 per cent to the 
driving power. No. 5 is the most important of all, especially in 
large machines. It makes its presence felt even in the metal of the 
shaft, and there will be power wasted if flux leaks through this 
portion. 
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PART II 



CALCULATIONS AND CHARACTERISTIC 
CURVES OF CONTINUOUS-CURRENT 

GENERATORS 

Symbols. The symbols used in the discussions now to Ix? taken 
up, are as follows: 

h — Number of external wires in a section of the armature. 
c — Number of circuits in parallel through an arnuiturc. 
E — Entire e. m. f. generated in an armature, in volts. 
e — Lost volts, or potential drop in volts, of armature. 
fj — Commercial efficiency. 

^, — Economic coefficient, or electrical efficiency. 

1/2 — Gross efficiency, or efficiency of conversion, 
F — Force — i.e., push or pull — in pounds' weight. 
4> — Flux per pole. 

/ — Current in external circuit, in amperes. 
/a — Current in armature circuit, in amperes. 
I A— Current in shunt field-exciting coil, in amperes. 
/» — Current in series field-exciting coil, in amperes. 
K — Number of commutator segments. 
L — Coefficient of self-induction, or inductance, in hcnrys 
X — Angle of lead of brushes. 
M — Volts per revolution per second. 
A^ — Magnetic permeabilty. 
n — Revolutions per second. 

P — Coefficient of magnetic dispersion, or leakage cocfTicient 
p — Number of poles. 

q — Ampere conductors per inch of periphery of curvature. 
R — Resistance of external circuit, in ohms, 
r — Total internal resistance of generator, in ohms. 
Ta — Total resistance of armature coi7s, in ohms. 
rsh — Resistance of shunt field-exciting coils, in ohms. 
Tm — Resistance of series field-exciting coils, in ohms. 
r.p.m. — Revolutions per minute. 
'^ — Angle of pole span. 
a- — Space-factor. 
T — Number of turns. 
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• 

r.h— Number of field-exciting turns in shunt with armature. 
I'm — Number of field-exciting turns in series with armature. 
t — Time in seconds. 

V — Volts at terminal of a generator. 

V — Velocity in feet per second. 
W — Power in watts. 

CO — Angular velocity in radians per second. 
y — Winding pitch. 
yt — Forward winding pitch, 
t/b — Backward winding pitch. 

Z — Number of conductors on the armature, counting all around 
periphery. 

Fundamental Equation. We have seen on page 17 that an e. m. 
f. of one volt is generated when W lines are cut per second. Now, 
as most armatures have more than one conductor cutting the field 
flux, the e. m. f. generated will be a direct function of the number 
of conductors connected in series. 

Assuming that the sections of the armature winding equal in 
number the commutator bars (K), the external conductors all around 
the armature will be bK, The total number of conductors that are 

in series with each other electrically from brush to brush is — or 

Z 

--, If, now, the armature speed of rotation is given in r. p. m., then 

the revolutions per second (n) = — ^^~- 

In order to compute the e. m. f. generated, we have: 

Number of lines cut by one external wire in one revolution — P<6 

Number of lines cut by 1 external wire in 1 second =* np<^ 

Number of lines cut by — external wires in series in 1 second. . . .=» np4>Z-i-c 
Average e. m. f. generated, in C.G.S. units ^nZ <f^^ 

Average e. m. f. generated, in volts i- "iTST 

Average e. m. f. generated, in volts = -~- — '--^ ^M^ 

If the number of circuits tfirough the armature is equal to the 

number of poles in the field, we may write: 

/A \ n T.p,m,X Z<f> ,- .V 

(Average) E -= ' - - — ^ = Mn (2) 

"" ^ 10« X 60 ^^ 

It must l)e remembered that this e. ni. f. is an average, and that it 
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depends upon the constnictiun of the armature how much fluctuation 
takes place during a rotation, as shown ou page 22. 

Examplr. ABSume & 4-poIe machine with a i-circuit nrmBturp wind- 
in?; the flux per pole. 2.000,000 lines of force; ttie total numlierot iniluctora 
in the arniBlure, 600; aod thp spet-d uf Hip machine, 1,200 r. p.m. Dclcnnine 
lie f^ncratpd voilap;. 

Substituting in Equation I, we have; 

F ' ■20" X 60" X 2.000.001) X J 
60"X 10»X 



-«.V.' = 2M volts. 



Efficiency of a Generator. The efficiency of a generator is 
defined lo be llie ratio of the mechanical powerapplied to the rotation 
of the armature of the generator at any given load, to the electric 
[x>wer output at that load. The mechanical power expended in 
turning the armature against the resisting forces may be measured 
mt-chanically by a dj-namomder, or by taking indicator cards at the 
engine and allowing for friction. By far the best method is the 
electrical one, of using an electric motor, which has been carefully 
calibrated, to determine the mechanical power recjuired to operate 
the generator at any given load. The Hopkinson or so-called pump- 
ing-hack arrangements are even more commonly adopted, especially 
for large units. 

The electrical power is expressed as the product of amperes of 
* current and volts difTcrencc of potential between the two terminals 
of that part of the circuit in which the energy Is being expended. 
This product, measured by suitable instniments, expresses the 
power or enei^' expended [xt second in the circuit in watts, the 
electrical unit of power. The mechanical unit of power (that is, 
the horse-power, b. p.), is practically etjual to 746 watts*. Wc may 
therefore write, 

JV ixv 

*"■?■- 746 -^40- (^) 

The electrical efficiency or economic coefficient of a generator 
is defined to be the ratio between the electricjil power utilized in the 
external electrical circuit and tljc electrical power developed in the 
armature. So that if, through an armature there are flowing /» 
amperes due to a gcneratcfl c. m. f. (E), the electrical activity ex- 
pressed in watts will be K/,. 

•m. p.=7ib.S<IOwiiUex»ctly (Uenry'if^oBCirjrinn Tailr*)- 
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If the voltage at the terminals nf the generator be V volts, and 
the current through the external circuit be / amperes, the useful 
power in watts will be Vxl. 

Therefore the economic coefficieni of the machine will be: 
Useful eleftrical powpr V y I 
^t Tut.ul electrical power Ev.K' 
The efficiency of electric conversion is defined as tlie ratio of 
the power developeii in the armature to the mechanical power 
expended in producing it. This may be written: 
El., 


'h 740 X li. p. 
Hence the commercial or true efficiency of the generator l>ec;ime8: 

It may also !«,■ obtained by taking the ratio between the output 
iQj ,. in watts, ami the sum uf the 
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the commercial efficiency is 

obtained as a percentage. 

The efficiency of a genera- 
tor is by no means constant 
throughout all ranges of 
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en that tlie efficiency increa 
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y until it reaches a maximu 
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rapidly. This is made clear when the curves representing the varia- 
tion of the losses with load are examined. Assuming sj^eed and 
voltage constant, it is seen that the friction, windage, and iron losses 
increase very slowly with output. The copper losses in the armature 
and field, and the brush-contact losses, increase, however, as the 
square of the current, and thus at large overloads attain enormous 
proportions. By proper design, the efficiency curve may be made to 
take any desired form within certain limitSj^ the maximum point 
being usually designed to occur at the normal load. 

Magneto Generator. In this type of dynamo the flux through 
the armature is due to the permanent field magnets. Thus <^ 
depends both upon their magnetic strength and upon the cross- 
section of iron core of the armature and the air-gaps. If the current 
drawn from the machine is sufficiently great, the reaction of the arma- 
ture will diminish <^, and lessen the generated e. m. f. (assuming 
constant speed of rotation). If, however, the current drawn pro- 
duces a negligible effect upon the flux through the armature, the 
voltage of any given magneto machine will be directly proportional 
to the speed of rotation, by Equation 1, page 02. 

The voltage at the terminals of the magneto as well as other 
types of electric generators, is not etjual to that generated in the 
armature conductors. The armature winding is always of appreciable 
resistance, so that the passage of any current throiigli it produces 
a drop of potential, in addition to which there is also a drop due to the 
brush-contact resistance. It is convenient to have an expression for 
E in terms of the terminal voltage I' and other measurable quantities, 
l)ecause E cannot be measured directly when any current is being 
drawn. 

I^t r be the total internal resistance of the armature of the 
generator, measured at the brushes; let R be the total external resist- 
ance; and let / be the current. Then by Ohm's law, 

7: = /(/? + r) (4) 

e =^ Ir 
V ^ IR; 

so that, 

il=_^ (5) 

E R+r ^^ 

and 

£: = F + /r = r + c (6) 
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which means that the generated e. m. f. is equal to the sum of the 

terminal voltage and the armature-resistance drop. This latter 

increases directly with the armature current, but in well-designed 

machines is arranged so as not to exceed 2 or 3 per cent at rated 

load. 

On page 64 the economic coefficient was shown to be 

VI 
"^^ = £17' 

In the magneto machine, / = /^ ; so that, from Equation 5, 

^i=i-=^r-T^-: (^ 

This equation shows that as the resistance of the annature is 
decreased, the economic coefficient of the machine increases, the 

theoretical maximum of unity 
being attained when the arma- 
ture resistance is nil. This is 
true for all electrical machines. 

Separately-Excited Generator. 
For this type of dynamo the 
same formulae hold as for mag- 
neto generators. In this case, 
I however, the flux per pole 4> de- 
pends upon the strength of the 

Fig. 96. Diagrammatic Representation of « , , . . ^ , 

Series Generator. neld-excitmg current sccured 

from an independent source. 
In estimating the commercial efficiency, this fact must be taken into 
account, the power thus spent being usually from 1 to 3 per cent of 
the output of the machine, the larger figure relating to the smaller 
piachines. 

Series Generator. The series generator, shown diagrammati- 
cally in Fig. 96, has but one circuit and one current (/), whose strength 
depends upon the generated e. m. f. (E) and the total resistance 
in the circuit. Using the notation previously adopted, we have by 
Ohm's law: 

£ = /(R + r. + O; and F = //i. Hence 

The economic coefficient will be: 

^ Useful power /- R R V /o\ 

^^^ Total power " P (/2 + r. + r^) " (/2 + r» + r-) " E ^^ 
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This IS obviously highest when fa and r^e are both very small. 
They are usually about equal. 

Shunt Generator. In the shunt dynamo, Fig. 97, the field and 
the external circuits are in parallel, so that we have two circuits to 
consider. 

Let / = the current in the external circuit; 
/a = the current in the armature; 
/»h == the current in the shunt field-circuit. 

Then, 

/. = / + /.h ; 

for it is clear that the current produced in the armature divides 
between these two parts of the circuit only. 

Calling that part of the annature current which passes through 
the shunt winding and is conse- 
quently not available in the external 
circuit, the lost amperes* = /^h, we 
have the resistance of the shunt 
coils, 



r.h 







VW^- 



Fig. 97. Shunt Dynamo Showing Main 
and Shunt Circuits. 



In modem machines, rgj^ is so pro- 
portioned that the shunt field 
amperes constitute from 1 to 3 per 
cent of the whole current output of 
the machine, the larger value being 
for the smaller generators. 

Example: In a standard Crocker-^Vheeler 85 kw. shunt genera- 
tor, 3.3 amperes was requires! in the field-exciting circuit, the gen- 
erator giving 370 external amperes at 230 volts. Thus the resistance 
of the field winding was 00.7 ohms, the armature current was 373 
amperes, and the shunt field current was about 1 per cent of the 
nited load current. 

We may now compute the economic coefficient of a shunt- 
wound generator as follows: 

The total watts produced in the armature of the machine are: 

w-Eh.r (9) 



•S. p. Thompson s Dynamo Electric Machinery, N. Y.. 1901, Vol. I. Page 900. 
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and the watts delivered to the external circuit are 

u = VI (10) 

We also have 

£:=]' + /. r.= r + (/ + /.Ora, (II) 

since 

/. = / + /.h 
Substituting these values in Equation 9, we obtain: 

TT' = (r + /r. + /.h rO (/ 4- /.h) 
= 17 + T7.h + (/ + /.h)- fa 
= TV + 17.h + 72 fa (12) 

which reads: The watts produced in the armature are equal to the 
sura of the watts delivered to the external circuit, the watts wasted 
in the shunt field, and the watts dissipated in heating the armature 
conductors. Considering, then, the purely electrical efficiency of 
a shunt-wound generator, the iron losses, friction, windage, and 
other mechanically supplied losses not being present in Equation 12, 
we have, 

t.. vr (13) 

^1= TT " 17 + 17.h + /2r. 

In order that this ratio may approach unity, its limit, the sum of 
the losses must approach zero. Writing the latter as a fraction of 
the output, we have, 

= Iih 4. 1" Tj" . r 1 4) 

I '^ V ^ ^ 

which shows that the two terms are of equal importance, assuming 
that /a = /, i-e., that the shunt-exciting current is negligible, as in 
practice it rarely exceeds 2 to 3 per cent of the rated current. 

Equating these two terms, and inserting for I^h its value V-^rsh, 
there is obtained, 

^^ = /' (iS) 

that is 

V , 

-J- = I r. r.h = i2 . (16) 

showing that the external resistance is a geometric mean between the 
armature resistance and the resistance of the shunt-field winding. 
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Substituting in Equation 14, for / and V, their values in terms 
of resistana\s as given al)ove, we have, 

l-^i_ R . r. (17) 



\ 






from which it is obvious, that for the percentage of losses to be small, 
the shunt-winding resistance must be large in comparison wjth the 
armature resistance. 

It must be clearly borne in mind throughout the preceding dis- 
cussions, that the commercial efficiency is always lower than the 
so-called "electrical efficiency," since the latter does not include the 
mechanically supplied losses due to friction, windage, hysteresis, 
and eddy currents. ' The economic coefficient, or electrical efficiency, 
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Pig. 98. Short-Shun t Method of Connect- 
ing Shuut-Coils to Dynamo. 



Fig. 99. I^oncShnnt M^'thod of (\)nnoct. 
ing Shunt-Coils to Dynamo. 



may be used to compare various types and to show the conditions 
for best electrical working; but the commercial efficiency is the true 
and final test for any given machine. 

Compound-Wound Generator. Under this head will be con- 
sidered that type of compound dynamo in almost universal use at 
the present time. This may be regarded as either a shunt machine 
in which series turns have been added to the field winding in order 
to compensate for the drops due to armature resistance and armature 
reactions; or as a series generator to which shunt windings have been 
added in order to produce an initial magnetization. In either case, 
there are two possible ways of connecting the terminals of the shunt 
coils to the source of voltage, known respectively as the shori-shuni 
and long-shunt methods. 
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In the short-shunt method, the shunt coils are connected directly 
across the brushes of the machine, Fig. 98; while in the long-shunt 
arrangement, Fig. 99, the shunt coils may be considered as a shunt to 
the external circuit. In the former method the voltage applied to the 
terminals of the shunt windings is not a constant, but increases with 
load if the generator be assumed to be compounded to give a constant 
or increasing terminal voltage with load. In the long-shunt method, 
the voltage at the terminals of the shunt coils will be the same as that 
impressed upon the external circuit; and if the generator is com- 
pounded to give constant terminal voltage, the arrangement becomes 
analogous to the case of a machine with one field-exciting winding 
supplied from an independent source at constant potential, and a 
second field-exciting winding in series with the external circuit. 

The calculations for both long- and short-shunt arrangements 
are practically the same; but, on account of greater simplicity, those 
for the former, with the generator assumed to be compounded for 
constant terminal voltage, will be given. 

We have from page 62, E = M n; also, V = E — (r^ + r^) I^. 
Since the flux depends upon the ampere turns of excitation 

M = A/. + 3/x = ti (/.h r.b + /.. r«.), (18) 

in which w is a variable quantity representing, at various stages of 
the magnetization, the numerical relation between the flux and 
excitation of the magnetic circuit for a particular dynamo. Con- 
sequently, when the external current is zero, we have: 

M is proportional to the flux entering the armature from one pole, 
which in compounded machines is not a constant quantity. It is due to 
the combined eff'ects of the shunt and series ampere-turns; that is, M«= 
M\ 4- Mx, in which M\ is proportional to the shunt ampere-turns, and Mx is 
proportional to the scries ampere-turns. 

From pages 10, 61, and 62, it is clear that, 

0.47r/^7'«, zp 
/ 10^. c 

fJL A 



and 



0.47r /.h r.h z V 

/ 10«. c ' 

/i A 
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where m is the average value of the gross permeability (iron and air 
together), between its two extreme values — that is, when / = zero, 
and 1 = maximum. 

Adding the t^^^o preceding equations, we have : 

y • n J. 
Replacing the factor — '— ' l>y m, the result is: 

3/ = u (/gb r.b 4- /»e r,*), as above. 

Substituting the values of E and J/, there is obtained: 

r = n w /,h r,h 4- n li /» Tb, - (r. + r^) /. . 

Inspecting this equation, we note that it is composed of three 
terms. The first contains as variable factors the speed of rotation 
and the shunt current, which latter may be kept constant if the 
terminal voltage can be made constant. The second and third terms 
contain as a variable factor, the current /a, while the second contains 
also the speed as a variable. It is noted, however, that the algebraic 
signs of the second and third terms are opposite, and that, if the 
speed of rotation is constant, the latter terms contain the only 
variables. Therefore, in order that V may remain constant through- 
out all changes of load within the rating of the machine, these terms 
must cancel. That is, n w T^ = r. + r„ is an equation of con- 
dition for constant V at constant n. Dividing both sides by n u, 
or by u T^, there results: 

When the external current is zero, 

V ^n 3/„ - (r. + r^) L; 

and assuming the drops due to the resistances of the armature and 
series field-windings to be zero (since they are negligibly small when 
the external current is zero) , we have : 

Substituting value of n from Equation 19, we have : 

VA 1 r^_±r^ 1 . -^ y.h '_ r,h u_ (20) 
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which is the final equation of condition that I" shall be constant. 

As Uq is proportional to ft^, the permeability of the magnetic 
circuit when the external current is zero, and as li is proportional to 
/x, the average permeability over the working range, it follows that if 
there were no alteration due to saturation, we should have u = u„. 

Thus far we have assumed that the difference between the 
generated e. m. f. and the terminal voltage of the machine was 
dependent upon the resistances of the armature and series-field 
windings; but, as we have seen on page 49, there is also a drop due 
to the armature demagnetizing action. In order to take account of 
this, we must remember that if the angle of lead of the brushes be 
X, the demagnetizing conductors will be confined within a belt 
2X {i.e., Z\ -^ 90°). Then, if the number of paths through the arma- 
ture be c, each conductor will carry I^-r-c = Ii amperes; and the 
number of demagnetizing ampere-turns will be 2DI\, where D is tlie 
number of armature conductors within the angle A. In order to 
compensate for this action, a number of turns must be added to the 
series regulating turns, such that the m. m. f. produced by the ex- 
ternal current flowing ihrough them shall be exactly equal but 
opposed to that produced by the demagnetizing tendency of the 
armature. That is, the compensating turns must be at least, 

2 /, D 2D 
I ^ c ' 

Owing, however, to the effect of magnetic leakage, the total 
ni. in. f. of this compensating winding will not be sufficient to void 
the armature demagnetizing effect. This leakage may be provided 
for by multiplying 2 D -^ chy v, the coefficient of magnetic leakage. 

2\ D 

Hence we must substitute for T^ in Equation 20, T„— - - , 

u 

in order to comjHMisate for these effects. 

Should it be required to have the generator over-compound or 

under-compound, the additional series-turns will be either more 

or less than those given by the revised Ecjuation 20, depending upon 

the amount of over- or under-compounding, examples of which will 

be considered under Design. In the above discussion, we tacitly 

assumed that the speed of rotation was maintained constant. This 

is in general not the case, however, the sjx^ed of the prime mover 

falling off as the load on the generator increases, producing a diminu- 
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tion ill the generated e. m. f. In addition, the load is frenuently 
remote from the dynamo, necessitating fee<Iers between the machine 
and load, with a consequent drop in voltage. In order to compensate 
for these factors which tend to lower the voltage at the point of 
apphcatioii of the power, it is customary to over-comprtund genenitors 
.so that their terminal voltage at ratc<l load is from 3 to 15 per cent 
ill excess of the nodoa<l value. 'Hie lower values are usual for 
gi-ncnitors supplying lighting circuit.s, while the higher ones are for 
ihosc cini)lov(.^l in railway svstcms. 



CALCULATIONS OF THE MAGNETIC CIRCUIT 

Forms of Field- Magnets.— flnirt-a/. Before discussing the appli- 

Wilion uf (lie fnriLuihc fur ihr magnetic Circuit, already given, toaetual 



.''^.^^^,^^ 



^c^ 



muehliirs, let us coii.sider the varioii.s sliafw-s in which lleld-ina);nels 
iiiid frames arc u.siially found. 

The form of a field-magnet dejxiids primarily upon whcdier it i.s 
bijM)lar'oT mullip'jlar. Prior to alwint 1S!K), tlic former ly[>e was in 
universal use for all direct-current machines, even up to large sixes; 
but now it is generally restricted to machines of less than 5 kilowatts 
output, largi-r sizes being made nmltipolar to save material, us ex- 
plained later. 

Bipolar field -magnets may be of ihe simple hdi-seilioe Ivjm'. 
phii-ed as in the early iCdison machines (Fig, KXl); or may Ik- itinied 
with the pole-pieces upward, known us die ina-rltit or oii-r-tt/pc 
(Fig. 101); or the liorscslioe may be laid on its side (l'"ig. 1U2J. ITiis 
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latter type produces an unsvinmeirical machine, and, in addition, 
the entire base and bearings are connected to one of the pole-pieces, 
exposing a large surface which materially increases the magnetic 
leakage. This type is interesting, however, from the fact that it has 




but a single lifld-eoil. The same form is also arranged with the core 
horizontal, the armature being either under or over the latter, in 
whichcase the supports for the bearings must be of some non-magnetic 
material such as bra;^, »nce they extend from one pole-piece to the 
oilier. 

These (onus, excepting the ovet-tj-pe, are open to the objection 
that, if sot upon an iron base, the base would act as a magnetic short- 




FlR. 1(M, Bipolar RlDg Fie! J -Maenet, Fig. lOS. Foar-Pole Ring Field-Uasnet. 

circuit, and thus rob the armature of a considerable portion of the 
magnetic flux. In the Edison macliines, this difficulty was partly 
overcome by interposing thick pieces of zinc between the pole-pieces 
and the base; but Hopkinson* found that e\'en with this arrangement, 
•PbUiMapalc3lTraiuactloiuo(itiGBo7slSoclel]-, UtfO. IBM. 
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the leakage through the base was 
The over-type, on the other hand, 
this character, since the pole-pieces 
are far removed from the base bear- 
ings or other magnetic conductors. 
Fig. 103 represents a radically 
diffcreot form of bipolar magnet, 
called the Manchc&tcT tyjte. from its 
platf of manufacture in England. 
The construction is extremely solid, 
and offers good prdtection to Ihe 
machine; but it lia.s tlie undesirable 
feature of having two magnetic 
circuits in parallel, producing conse<juent [xiles and requiring the 
full number of araperc-tunis for each circuit. Hence the total number 
lb doubled, but each is only I \ times as long, because the cross- 
sectiou of each core is one-half that of an equivalent single 
core. The required length of wire is thus 




i'lu. 106, Multipolar RliiB FielilMngnct. 




2X- 



1 



= 1.41 times as great for the double 



I magnetic circuit. This form also has consid- 
' erdble magnetic leakage, the entire base and 
bearings being connected to one of the pole- 
pieces. 

Tile modem tendency has been to draw 
away from these early designs, and to adopt 
machines that are wholly or partially enclosed. 
Figs. 104, 105, 106 represent respectively the 
bipolar, four-pole and multipolar ring arrange- 
ments of prcjvr.t-day practice, the bipolar type 
being restricted to machines of small output, 
as noted above. This ring arrangement has 
the a<lvantages of strength, simplicity, sym- 
metrical appearance, and minimum magnetic 
leakage, since the pole-pieces have the least possible surface and 
the path of the magnetic Sux is shorter, more symmetrical, and more 
tialural. 

Magnetic Leakage, The function of the field-magnet is, as we 
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have seen, to produce a flux which the armature conductors cut in 
order to generate an e. m. f. This flux is called the usejul flux. 
In addition to this useful flux, there is a stray flux from all parts of the 
field system (Figs. 107, 108), the m. m. f. of the exciting ampere- 
turns having to produce lx)th these fluxes. If we call <^„ the flux 
in the magnet-core, ^. the flux in the armature, and <^, the flux 
which stravs, we have: 

The ratio iK^tween the total flux and the useful flux is callcxl the 
coefficient of magnetic leakage or dispenfion, that is, 






V = 



r III 




/ -7/' 






StCTiON onO-A 



Fig. 108. Magnetic Leakage or Stray Flux lu Four-Pule Field. 



It isa number great- 
er than unity, and 
varies in value from 
1.15 in ring types 
(Figs. 104-106), to 
1.7 in the Manches- 
ter and under- tj^x^s 
(Figs. 100-103). 
The magnitude of the stray field deix?n(ls chiefly (a) upon the 
shajK* of the magnet-limbs; thus circular cores, for example, will 
have less leakage than thost^ of rectangular cross-section, on account 
of the smaller art»a of the side flanks; (6) upon the length of the air- 
gap, because the higher the rt»luctance of the latter, the greater the 
tendency of the fliix to take alternative paths; (c) upon the degree 
of saturation to which the field system is pushed, Ix^cause the mag- 
netic conductivity of the leakage paths in air is constant, while that 
(.f the iron cores decreases as the saturation point is approached 
It is evident, thcR'fore, that the coefficient of disjXTsion not only 
varies with different tyjK's of machine, but is not generally c*onstant 
even in a given machine, since it rises with the excitation. More- 
over, when a large armature current flows, the demagnetizing action 
of the latter directly aids dispersion, as it usually produces a m. m. f. 
opjwsed to tliat of the main flux, which tends to blow aside the latter. 
The only accurate metluMl of determining the dispt^rsion factor 
of any machine is by experiment.* For purj)oses of design, however, 

♦For various methods of procedure, see S. P. Thompson's Dynamo- EUctric Machinery, 
Vol I, p. 134, New York, 1904. 
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one must resort to the results of experiments performed on machines 
similar to the one being designed. Table II gives approximate values 
of dispersion coefficients for machines of the modem type (i.e., mul- 
tipolar frames), and — for comparison — values for corresponding 
machines of the other types mentioned.* 







TABLE II 










Dispersion Coefficients 






OlTTITT IV 

Kii.ow \TrM 


Mri.Tii'or.AR 

TVPK 

Fiwrs 104. 
10"i. 100 


OVKRTVPF. I'xnKUTYPK 

Fig. 101 Fig. 100 


SlNOLK- 

Maonkt Typk 
FiK. 102 


Manciikhtkr 

Typk 

Fig. 103 


1 

2 
5 

i 


i.;^5 

1.2-3 
1.20 
1.18 


1.40 


1.60 


1.55 


1.70 


10 

25 

60 

100 


1.16 
1.15 

1:14 

1.12 


1.28 
1.22 


1.45 
1.35 


1.40 
1.32 


1.65 
1.45 


200 

300 

500 

1,000 


Ml 
1.10 
1.09 
1.08 




1.2.5 







It is seen that the magnetic disjx*rsion is greater with the 
smaller sizes of machines, l)ecause the surfaces from which it occurs 
are relatively longer compared with the total flux. It is also greater 
with cast-in)n magnets and {)ole-pieces and with smooth-core arma- 
turt»s. 

It is theorc»tically possible to predetermine the dispersion of a 
given machine from the working drawings,f the calculations being 
based uiK)n the principle that where a circuit offers alternative paths, 
the flux will divide itself In^tween the paths in the proportion of their 
n^lative magnetic conductance or penneance. In fact, the theory of 
parallel electrical circuits is here applicable. Various rules have been 
devise<l for this purpose; but the manufacturers' designer usually 
contents himself with referring to tables such as that given above. 

Exciting Ampere-Turns. The detennination of the exciting 
amjK»re-turns for a machine is a simple matter if we know the dis- 

^Ihju'iiHo.Elertri,' Machhtcry. S. P. Thompson. New York, 1904, VoU I, p. 138. 
^ Dynamo- K'^ctric Murhi/ui, A. E. Wieuer, 2J ed , p. 217. 
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persion coefficient and the magnetic properties (as shown by the 
B-H curve) of the materials forming parts of the magnetic circuit. 
See Fig. 112. 

The simplest mode of procedure is to fix approximately the 
flux necessary to pass through the armature in order to produce the 
rc(iuired e. m. f.* Knowing this value, and also the size of the 
machine, we may st*lect fn)m Table II a suitable dispersion coeffi- 
cient, and thus find the flux rcc|uired to Ix? produced by the field 
winding. That is: 

The next step is to allow a sufficient cross-section of material 

in the various parts to carry this flux at a reasonable flux-density. 

Knowing the latter at once fixes the reluctance, and the necessary 

number of amix^re-turns is found by solving the equation connecting 

the flux, in. ni. f., and reluctance of- each portion of the circuit, 

given on page 10. That is, 

<}>l BAl Bl 

Wlieix* B is the flux-density per square centimeter, and / the 
length of the part in centimeters, tlie sum of the ampere-turns re- 
quired for the different parts will then give the total ampere-tunis 
for that circuit. The magnetic path from one pole to its neighbor 
of opposite polarity and return, is alone considered as indicated in 
Figs. 104, 105, 106 (assuming a ring-type yoke). Hence the total 
ampere-turns for this circuit will be those necessary per pair of poles. 
In other words, each field-coil must have one-half of this total value. 

As average values for the magnetic densities in the various 
parts of continuous-current generators, we may take the figures of 
Table III, departures from which are, however, often necessitated by 
circumstances. 

If the particular solution thus arrived at is not suited to the 
various conditions, a slight change in the original assumptions will 
bring one nearer to the proper value. In fact, the more preliminary 
calculations that are made, the more nearly perfect and the more 
reliable will be the final figures; furthermore, it is always wise to 
make assumptions both sides of the accepted value, to make sure 
that it is right. 

*See Ekiuations 1 and 2, page 08. 
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As these ilssiiinpliiins I'urry willi tlicin the sclertiim iif lln- 
maEnotic dimensioiia of the inadiiiif, it will lie wi-ll m {■nri.sidcr lhr,s<' 



FuUK-DKs«rr. !»:- 


L.x™ FKR SarAHE Ix™ 


MlTERCAI. 


Annnture body 
AmtatUre teeth 

Air-Eftp 
Mugtift-yoke 


60,000 to 06,000 
125,000 

40,000 to sa.noo 

75,0tW to 100,0(10 
iTO.WHMo 9(1.000 ■ 
(S.'i.OOri to 50,000 


Soft sheet iron or milil atcci 
Do, 

Air 

fast steel or wrniK-ht iron 

It cast aleel <ir wrought iron 



(a) I'ofrc. In all muchincs of the ring {yoke} type, the yoke 
carries only one-half the total flux, as can be seen hy reference to 
Figs. 104 to lOG. The magnetic length is the mean length of path. 

(b) Magnrl-C'orFs. As each core carries the wjiole flux for one 
piilc-face. the entire section of one core is c^nsiilereil. The k'ngtli 
of tht magnetic path in the magnet-cores is, however, twice the 
length of tine core, 

(c) Air-Gnp. Sin(* slotted armatures are the type used almost 
fxclu.sively at present, the magnetic area of this jKtrtion will lie ef|ual 
to the pole-face area. The total magnetic length of these gaps is 
taken as twice the distance from iron to iron, measured perpendicular 
lo the arraature periphery. 

(rf) Amiaturi' Ctri: Here, also, the magnetic Bux divides into 
two or a multiple of two paths (for the ring-yoke design), so that 
the magnetic area carries only one-half the flux entering the arma- 
ture frnin one pole-face. The magnetic section Is also. less than the 
^jsM section, on account of the insulation of the core-dis<s* and 
the prcsenei' of ventilating <lucts.f If the latter are ahsi'nt, it is 
ii.'iuni to allow 10 per cent as space loss if the insulation is vami.sh. 
and IT) iHTwnt if it isjxiper. When the air-ducts ai-e present, 25 per 
cent mayl>c ii.ssumed for preliminary calculations with varnish in.su- 
Inlion, and .t'i per cent with paper insulation. The magiMtic length 
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is the length of the mean path lying between the roots of the teeth 
and the periphery of the internal hole.* 

(e) Teeth, The total length traversed by the flux in this portion 
of the circuit is equal to twice the depth of one tooth. The width 
of one tooth may be taken as the width at the root, the teeth being 
generally trapezoidal in shape. The number of teeth receiving the 
flux from one pole may be taken as the number lying inMnediately 
under the pole-face, flus one or two, depending upon the allowance 
for frijiging.f The magnetic area of the teeth will therefore be the 
number so determined, multiplied by the product of the mean width 
of one tooth and the mean length of the armature, where the latter 
is the gross length minus the percentage allowed for insulation and 
air-<lucts. Account must also be taken of the fact that when the 
teeth are operated at densities of 100,000 lines per square inch or 
more, part of the flux from the poles will take the alternative aii> 
paths through the slots to the armature core, since at this high 
density their |x*rmeance is not insignificant compared with that of 
the teeth themselves. In other words, the ampere-tums calculated 
to force the flux tlmnigh the teeth alone at high flux-densities would 
l)e in excess of the correct amount. 

In order to find the true value of the flux-density in the teeth if we 
know the apparent flux-density, let us assume that: 

oc = Ratio of net length to gross length of armature core; 
Di = True value of the tooth flux-density; 
hi = Width of a tooth, at the root; 
6, = Width of a slot; 
h = Height or depth of a slot; 
I = Net length of the armature parallel to the shaft; 
(f>^ — Flux entering the armature from one pole; 
04 = Flux actually carried by the teeth, from one pole. 

We then have: 

Iron section of one tooth = Ih X I. 

hu Xl 



Air " " " slot 



oc 



The actual space forming an alternative path for the magnetic flux, 
per slot, will be given by the area of one slot (parallel to the pole-face) plus 
the area lost along one tooth by insulation and air-ducts; or. 



*The "internal hole" is that portion of the armature between the center and inner 
edge of the core. 

t "Fringing' ' means spreading of flux issuing from a i)ole-sboe. 
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Section of air-spnce 6, X' 
per slot 



+ (t- 



Since the flux entering the armature from one pole n'ili divide between the 
two paiha invcrecly as the reluctance ot the two, we ha%'e, as the flux in the 

(9. - 9,)^ i-^- ■ 

and the true (lu.t in the teeth, 
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Dividing the a 



AiipnreDtand Actual riun Densltle* In Teci 
!ond e<iiiation by the first, we obtain. 



0, (b, + b. - a fei + r [fct m) = 0. ^ fci /* 

^, _ oc fci /A B, 

</)_ (,, +;,.-!( („ + -J h, li^ '*• ' 
Taking this last equation, and substituting for ■/: 0.7r> (a common value), and 
various ratios for bt-~b,, wc obtain the curves given iu Fig. 109, by assuming 
various values tor B,, finding the corresponding values of the permeability 
from Fi^. 110, and then calculating IS,. If other values of x are used and 
greater accuracy is desired, where the actual B-II curve of the material of 
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the teeth is known, these new quantities should be placed in the equation 
given above, and new curves drawn. 

Example of Calculation. In order that the foregoing rules may 
be clearly understood, and to exemplify the use of the curves and the 
method of calculation, we shall take a concrete case of dynamo 
design. In Fig. Ill is given a dimensioned sketch of a modem six- 
pole continuous-current generator having a capacity of about 200 kw. 
Assuming that 12,500,000 lines are required to produce the rated 
e. m. f. in the armature, let us calculate the ampere-turns per pair 
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Pig. 110. MagnetlzLLtloD Curves at VerrHlgb Densities. 

of poles to produce this flux in the armature. From Table 11, 
v= 1,11 approximately, and the data of the magnetic circuit around 
path A or path £ is: 



P.«T 


MATERIAL 


ToTjiL Fldz 


Yoke 


Cast steel 
Cast Bteel 
Cast steel 
Air 
Sheet 8t«l 


6.937,500 






Air-Bap 

Armature teeth 


12,500,000 
12,500,000 









We now estimate the magnetic lengths and areas as follows: 

Yoke. From Table III, we assume the flux-density = 65,000; 
hence the cross-section of the yoke is 

6,937,500 -i- 65,000 = approximntely 105 sq. in. - A,, 
Consequently the dimensions of the yoke would be, say, G in. by 17.5 
in., making the actual flux-density in the yoke, 

B, - 6,937,500 + 105 = 65,200 lines per sq. in. 
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The length of magnetic path, scaled off from tho drawing, is 

i, = 53 in. 
Magnet-Corea. Assuming, from Table III, the flux-density in 
the teeth as 85,000 lines per sq, in,, we have as the re<]uired area of 
cross-section of the magnet-cores, 

13.875,000 + S5.000 = 163.2 sq. in. 




Tig. III. P.irtotMaBiwticCln-uUoraSli-PgleUacMue. 

Selecting a circular section for the polo-cores, let us assume n diameter 
of, say, 14.25 inches, u.s giving an urea of oniH.-s-seetiDn nearest to that 
above computet. This gives: 

.1,1, ^- I.')9-.'> aq, in., ami 



«» = - 



- S7,000 lilies ppr sq. i 



The length of magiu-tic jiath in the poItM-on-s is twice the length 
of one; so that,. 

?B= 2 X 15 = 30 in. 
Pole-Shoea. These are cast -steel extensions affixed to the magnet- 
cores to increase the air-gap area. The mean area of each shoe is, 
A. ^ 10:.5s(|. in.; 



B, Ho- e 70,400 lines per sq in. 

The mean length of magnetic path per shoe is 2.75 in. Hence 
e have, 

I.-2 X 2.75- 5.5 in. 
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Air-Gaps. The magnetic area of the air-gap being the area of 
the pole-face, we have it equal to 300 sq. in. Hence 

Bt = 12,500,000 H- 300 - 41,700 lines per sq. in. 

The magnetic length through air in path A or B is twice the 
length of an air-gap; that is, 

/^ = 2 X 0.3 in. = 0.6 in. 

Arviafurc Teeth, The iron area of the 28 teeth acted upon by 
one pole, if the width of one tooth at its root is 0.320, is : 

.It = 0.326 X 28 X 14.25 X 0.75 = 97.4 mj. in. 

Therefore, 

Bt = ~ ' 07 A — '^ 128,500 "apparent" lines per sq. in. 

Referring to Fig. 109, we see, since a tooth is as wklv as a slot, that 
B^ = 124,200 actual lines jkt scjuare inch in the teeth. 
For the magnetic length, we have, 

/t = 2 X 1.5 = 3.0 in 

Armature CUrre, The magnetic area is 

.Ic = 9 X 14.25 X 0.75 = 9(>.3 .s(i. in 

Hence, 

^ .^12,500,000 ^.,w,^,. 

i?c = } X - gy „- = 65,000 lines |K»r -ci. m., 

as the flux divides and takes two paths tlirougli tin* annatnrc core. 
The mean length of the magnetic path as ol)tained from the 
drawing, is : 

h = 33 in. 
The preceding data may now l>e tabulated as follows: 



Pabt 


Material 


Maonktic Arka 


Bis 


Lknoti? ok 






IN Sq. In. 


LiNKH PKK Sq. In 


I*ATH IN In. 


Yoke 


Cast Steel 


105 


65.200 


55 


Pole-core (1) 


It (< 


159.5 


87,000 


15 


Pole shoe (1) 


If It 


197.5 


70,400 


2.75 


Air-pap (1) 
Arm. Teeth 


Air 


300 


41,700 


0.3 


Sheet steel 


97.4 


128.500 


1.5 


Arm. Core 

1 


<( •( 


96.3 


65,000 


33 



By reference to the magnetization curves (Fig. 11-), the ampere- 
turns per inch of length for the various materials at the ilux-densities 
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determined may be found, and the ampere-tums for total length of 
path computed. The results may then be tabulated as follows: 



Part 



Flux-Densitt 

IN Lines per 

Sq. In. 



Ampere-T urns 

PER In. Length 

OF Magnetic 

Path 



Length of Path 
in Inches 



Yoke 

Pole-cores (2) 
Pole-shoes (2) 
Air-gaps (2)* 
Arm. Teeth (2) 
Arm. Core 



65,200 
87,000 
70,400 
41,700 
128,500 
65,000 



12 

21.5 

13.5 

13,080 

589 

8 



55] 

30 
5.5 
0.6 
3 

33 



AliPRRE- 

turns for 
Total Path 



661 

645 

75 

7,745 

1,767 

264 



Ampere-tums per pair of poles, 11,157 



Coil Winding Calculations. In series field-coils the whole of the 
external current, or a definite part of it, is used for the production 
of a m. ni. f., so that the number of turns of wire or strip is found 
by dividing the requisite number of ampere-tums at any given load 
by this current. Furthermore, this wire or conductor must be of 
sufficient size to carry safely, efficiently, and without overheating, 
the given current. The series-wound generator is at present in 
general use for arc-lighting machines; and as the current in this case 
is usually about 10 amperes, it has been found by experience that, 
depending upon the depth of the winding, No. 10 or No. 8 B. & S. 
gauge win* are the correct sizes to use. 

If the machine were to be separately excited, it is probable 
that the o. ni. f. of the exciter would l)e specifie<l, and we should 
have practically the shunt case. If, however, the current were given, 
the determination would be the same as in the case of the series 
winding alx)vc. 

Shunt Winding Calculations. The determination of the best 
size* of wirt* for a shunt winding is far more difficult than for a series 
one, in that merely the amjx^re-turns and the voltage applied to the 
terminals of the coil an* given, while the space allotted to the winding 
and the heating limits must Ix? kept within definite l)ounds. Various 
methods have been suggested, but none arc very satisfactory. One 
of the simplest is as follows: The temperature of the field coils for 

*In computing ampere-tums per inch length of the air-gap, it must be rembombered 
that for air /x = 1 ; so that in inch-units we have, 

yrg = 0.3133 X ngxu. 

The number 0.S1S3 is called the gapcoefjjicUnt, and represents the number of ampere-tumi 
per inch length of path, requisite for a flux-density of one line per square inch in air. 
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continuous operation at rated load may be assumed to be 75° C. — 
that is, a 50° C. rise above a room temperature of 25° C. At this 
temperature the resistance of a mil-foot of copper wire (that is, a 
wire one foot long and 0.001 inch in diameter) is 12.56 ohms. Hence, 

^^ 12.56 X I 
Circ.mils 

in which / is the length of the conductor in feet, and "Circ. mils" is 
the area of cross-section in circular mils, which is equal to the 
diameter in mils squared. The current traversing the wire when a 
voltage V is applied at its terminals, is, 

. _ V X Circ. mils 
12.56 X I 

It is also evident that the ampere-turns in any winding are numerically 
equal to the amperes that would result if a single turn of wire were 
supposed to be subjected to the given voltage, because two turns 
would have twice the resistance and would take one-half the current; 
and so on for any number. Hence, 

V X Circ. mils 
Ampere-turns = ^^^^^^ , 

in which / represents the mean length of one turn in feet. By trans- 
position we obtain the cross-section of the wire required — that is: 

^. ., Ampere-turns X 1 X 12.56 
Circ. mils = =,7 . 

Exampk, An 8-pole 150 kw. shunt generator r(»<|uired 808 
ampere-turns per pair of poles when its terminal voltage was 115. 
The poles were 9} inches wide, and 10 inches long parallel to the shaft. 
Allowing a depth of winding of about 2 inches and a spool thickness 
of about J inch, the mean length of one turn would be nearly 50.5 
inches, the poles being rectangular. Then, at rated voltage, V 
per pair of field-exciting coils is 115 -^ 4 = 2«S.75 volts, and we have: 

^. ., S08 X 50.5 X 12.56 ,., „^« 
Circ. mils = *^ -TK = 17,850. 

Referring to a wire-gauge table, we see that the wire having an area 
of cross-sectioji in circular mils nearest this figure is No. 7 B. & S., for 
which circ. mils = 20,820. 

In applying the above formula to the shunt winding for a 
dynamo, allowance must be made for the resistance of the rheostat^ 
which is usually put in the shunt circuit, to regulate the e. m. f. 
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This leasUnce vill coosumr from 1!0 to 30 prr cent of the no-load 
volta^; and llw valor of C to ht sutHiitut^d in the formula lilinulil 
iberrfoK be a oorrespondiiig uunint lower, unless the rated load 
Toluge be ustd. In this case the nsaslance of the rheostat is detcr- 
nuned br the lesi'^laiM.-r which it is nect-ssair to mid to tlint of ihe 
Srhl-winding in onlrr to krep the pmerHied e. m. f. nt the proper 
poiot for ail other haiif^ 

Spac^Fador. lu all cases where losuUiled eouduoturs, whether 
strip or wire, are used, tht spacv taken up by the conductor proper 
is alwaiF^ a frat-tion of the whole space occupied hy the i-nlire wind- 
ing. This fraction will obii-ioasly depend upon the shapes ot the 
coDtluctors and the spun- set apart fi>r the winding, and (dso upon 
the thickness of the insulation. The ratio of net CToss-scctional 




area of copper in anv such impact- to the ^;toss section, is called the 
uparr-fartur. 

In winding Ixibhins for fieliUiuajiniet coils, the space-factor 
riepends larffely upon whether square or luuiid wire is uswi. Tf the 
fonner, tlie space wasted is less, and the heiktiii^ of the coil is reduced 
(for a given numlier of turns canning a given cum-nt, etc.), since there 
is less cross-section fiUwl with air or insulation, citlier of which is a 
bad conductor of heat. If round wires are useti (as is generally the 
practiir), tlie space-factor will be determined chiefly by the ratio 
between (he relative thkkjiesses of the winr and its Insulution, and 
also by the partial liedding of one layer of wires between those at 
the layer below. 

Suppose the round wires to be wound so as to lie in the siiiutre 
order without any bedding, as in Fig. 113. Then, if the diameter of 
the bare wHre is li. and tl insulale<l diameter is */,. tlie ideal sjiaw 
factor would Ix^ : 
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..(21) 



liecouse the area of each small circle is t — = 0.7854 (P, and the 
4 

area of the small square enclosing each outer circle is d[ . Suppose, 

however, an extreme case of lieclding, as in Fig. 1 14, where the wires 

lie in hexagonal order. By similar reasoning, the space-factor would 

then be: 



If rectangular strip is used, there is ho bedding, and no wa.sted 
space except where the end of one layer of a coil extends to the layer 
above. If the area 
of cross-SCO tiori of 
the Imre conduc- 
tor is ab, and the 
area of the same, 
insulated, is a' b', 
the space-factor is 
simply ofc -T- a' b'. 
In practice it has 
been found that 
edge-wound strip 
gives the highest 
space-factor, rang- 
ing from 0.83 to 
0.93. 

In practice, 

with round wires, it is found, howe'er, that even the most experi- 
enced winders produce a bedding of seldom over 3 per cent; so 
that the safest course is to assume no Ix^dding, and to take the space 
factor ae given above unless it is actually known. 

Some actual figures have been put into graphical form by Dr. 
S. S. WTieeler, and these are given in Fig. 11.5. Here the full lines 
represent the values by the formula assuming the s(|uarc order; and 
the broken lines, the obsened values. It is seen that the larger sizes 
of wire do actually bed a little, while with smaller sizes the bedding 
is n^ative. 
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Fig. 110. Connections of Field-Magnet 

Coils. 



Connections of Exciting Coils. It is the almost invariable custom 
to connect all the field-magnet exciting coils of the same type in series 
with each other, so that the magnetizing current is the same through- 
out. Then, if the number of turns per spool is the same, the flux 
per pole will be uniform. Hiey must also be connected up so as to 

produce alternate north and south 
poles, so that if all the coib are 
wound in the same direction, and 
similarly placed, the connections 
will come alternately at the yoke- 
end and the pole-face end of the 
bobbin, as in Fig. 116. 
Excitation Losses. Having computed the resistance of the 

shunt winding (fgh) by the previously explained method, we have 
y y2 

— X V = — as the watts actually expended in the shunt field- 

coils, V being the terminal voltage of the generator. To this loss 
must be added the one in the shunt-regulating resistance, and also 
the loss in the series-regulating coils, if any, in order to give the 
total watts required in excitation. For shunt-wound machines, the 
watts required in excitation vary in practice from 1 to 8 per cent 
or more of the output, depending upon the capacity of the machine. 
As a guide in this direction. Table IV has been constructed, giving 
the maximum permissible excitation losses. 



TABLE IV 


Excitation Losses 




Excitation Lo&bkb in fkr cbnt of Ratbd 


Output or Machiwf in XIilowattb 


Load Output 


5 


6 


10 


5 


20 


4 


30 


3.5 


50 


3.0 


100 


2.76 


200 


2.50 


300 


2.25 


500 


2.00 


1,000 


1.75 


2,000 


1.50 



Heating of Magnet-£oib. The beat developed in field-magnet 
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coils is dissipated in two ways: It is either carried by conduction 
through the copper and the insulation, and then by radiation and 
convection to the outer air, or it is conducted to the iron portions of 
the machine nearby and radiated ofT by these. In either case the 
amount of heat produced in the coil is equal, in watts, to the product 
of the resistance and the square of the current, while the rate at 
which the heat is lost cannot be very accurately calculated. 

In order to compute the temperature which a field-coil finally 
reaches, let Wja = watts wasted in field -coils at rated load of machine; 

A'ja - Radiating area of all the bobbins, in square inches: 
^m *» Final temperature rise above surrounding air (usually 
50° C). 
Then 



So that, 



dm <XWmf 


0m OC 


1 

A m 


dm QC 


A m 


Om - 





or, 



where A is a constant depending upon the depth of the winding, upon 
the cooling action due to the armature rotation, and upon the con- 
dition of the surrounding air. It is the temperature above that of the 
sorrounding air to which the coil would be raised if radiating 1 watt 
per square inch. 

Experience has shown that a certain rise in temperature is 
allowable, this being usually put at 50° C. or 90° F. above the tem- 
perature of the surrounding air. Tests have also demonstrated that 
this rise in temperature is not usually exceeded if a certain surface 
of coil is allowed for each watt converted into heat. The difficulty 
in fixing this is due to the way in which the heat is dissipated, as 
before noted. Also, authorities differ in regard to what surface 
shall be considered as radiating, in some cases going so far as to count 
only the external cylindrical surface of the coil. As a matter of fact, 
the internal surface of the coil, next to the poles, usually dissipates 
more heat in a given time than the external surface, so that the total 
area should be reckoned. This may be done by assuming a proper 
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value of A, which, according to W. B. Esson, is about 55 and accord- 
ing to Esterline 83, for ordinary bobbins; or by relying upon the 
experimental results given in Table V. Esson, in using this figure, 
counts as radiating surface only the external heat-radiating area, 
and not the end flanges and internal surfaces. Esterline includes 
in the radiating surface the external and internal areas and the 
flanges, counting the last two as radiating only one-half as much as 
a corresponding external area. 

ARMATURE WINDINGS 

Armature conductors — or inductors, as they are sometimes called — 
are almost universally made of copper. Their arrangement upon the 
armature, and the onler in which they are connected together to 
form a complete winding, constitute one of the most involved sub- 
jects in the design of dynamo-electric machinery. 

Classification. Armature windings may be classified according 
to the way the conductors are placed upon the armature core, as 
follows: 

Ring Windings, in which the conductors are placed upon a ring-shaped 
core, passing through the interior of the ring in the form of a helix, and 
hence sometimes called helical windings. 

Drum windings, having the conductors wound entirely upon the surface, 
or in slots upon the surface, of a cylindrical core. 

Disc windings, where the conductors are arranged in a plane like the 
spokes of a wheel, the connections being similar to those in drum armatures. 

Of all these types, the drum is almost exclusively used at the • 
present time for»the armature windings of continuous-current ma- 
chines, since, in contradistinction to the ring winding, there are no 
internal return conductors to increase the amount of armature copper 
needed, and for the greater reason that formed coils are applicable, 
greatly reducing the first cost and facilitating insulation and repairs. 
A drum armature partly wound with formed coils is illustrated in 
Fig. 117. 

Besides this grouping, we may also divide windings into dosed" 
coil and open-coil typesy depending upon whether the winding con- 
stitutes a closed or an open circuit. Closed-coil armatures are in 
almost general use for direct-current machines, since they give a 
steadier current and spark considerably less than the open-coil type. 
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[fating macfaiDTs and for 



'Hii- liitk-r iirv ii.vil fur direct-currenl a 
»(ar-w(>iinil nlu^nmtom. 

Armature CoiU—Klrmmt of Wtndittff. A vhutiny rlrment, we- 
llim, or ciiil i.t lliat {xirtiod of an armature wuxliug whirh IrTminatos 
at two c-ommiilatnr \mrs. In its simplest form it consbts of two 
urmntiirr wmdiirt^rs (in drum windings), wiib tlic nitxjssaiy end 
connectiona, so thut tJic maximum mimlH-r of armature coils is equal 
to onc-liulf the ninnlxT of urmatiin' condiK-tors. In ring nindings, 
un cli-mcnt may consist of only onu armature ciindurlor, the uit<4iial 
n-luni |>orti<iri Ix'inj; inactive (that is, culling no flux) anil ihcrcfure 




iHl->rwtni11ni(iin.1 Ap[ilrlngFoniw4Ci>iU 



si'r\'iti|; iis an end conm'ctor. Such an clement may also consist of 
2 or '2n armalun- fondiictora in scries for tlnim win<lings, or of n 
armature conductors in series for ring winding, where h is an in- 
It'ger; I»nt this affccU only thy c. m. f. (ji-ncmU-d by the coil, t!ic 
end connections of the section as n unit remaining nnchangni. 
Similarly, the n-sistantr of an clfmenl may Ix- redinx-d by conrnTiiuK 
several conductors in parallel; hut this also does not affect the enil 
connections of the coil as an elenieut "f winding; it mcnly iiicnnises 
th« currunt-curryiiig capacity. In cither case tlic mrihod of winding 
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is not altereil liy puttiiij; mon- Uiriis of ivirc in smcs or in jKimllel in 
ea«]i section. 

Tlie whole theory of armature winding may therefore be said 
to resolve itself into a sturly of pnd coniiettiinis; and in discuasing 
drum windings, we shall consider an element consisting of two arma- 
ture conductors with their end connections only. 

Possible Number of Commutator Bars. We have seen that at 
each end of a section of winding there ia a commuliilor har. In the 
simplest form of ring-wound amui- 
ture, each clement of the winding 
contains only one armature conduc- 
tor, so that tlie maximum nnmher 
of commutator bars is Z, the rest 
of each element being e(|nivalcnt 
to an end connection. Tlie num- 
ber of commutator bars in a ring 
winding may also Ije less than 7, 
(where 'i = the niunlxr of jinnatiirc 
conductors); but in any case it is 

— , where m is 1 or iin integer 
m 

factor of 7.. 

In closf^d-coil drum windings, 

K, tlie nural>er of commufutor 

Z 




bars, has for its maximum 



t, 7, 

value , anil it may lie- , for a dniir- 

wound armature cannot have adjacent conductors connected to 
separate commutator segments and In- a eloseil-c"il winding. If each 
alternate armature conilnctor in a drnm winding lie consldcrctl as die 
return of its neighbor, the equivalent ring winding would he as indi- 
cated by coil in Fig. 118, and we then see that the armature would be 
short-circuited. 

Fidd Step. In ring windings, the coils are wound around the 
armature core, so that they pass through its interior; but in dnim 
windings the armature conductors are laid in slots on the surface of 
the core, and do not pa,ss through the interior. It is plain, In the 
latter case, that unless one of the conductors of a section is cutting 
fiiu under a south pole at the same time that the other armature 
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conductor of the same section is cutting flux under a north pole, 
either the roil will not he workinj; at maximum efficiency (in which 
case only one conductor will be cutting flux), or Iwth armature con- 
ductors will l)e under polea of like polarity at the same instant so 
that the e. m. f. gen- 
erated in one will 
tend to equalize 
that in the other. 
Hence, in practice, 
we have one con- 
ductor of an ele- 
ment under a south 
pole at the instant 
that the other is 
under a north pole, 
in which case the 
e. m. f.'s generated 
by the two coils are 
additive. It is also 
universal to have 
the step or spacing 
from one armature 
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conductor to the next of that section, nearly equal to the distance 

between the centers of adjawnt unlike poles; but windings could be 

devised in which the step so made from one conductor to the next 

would be to the ^ » ^. 

region of n more 

distant pole; in that 

case, however, the 

end connections 

woidd l)e unduly 

Ipng. 

Rtch of Wind- 
ing. The pitch or 
spacing of a wind- 
ing denotes the distance from one inductor of the winding to the next 
inductor in the succession; and it is usual to express it in terms of the 
number of inductors spanned over. In order to see mare clearly what 
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IS meant, let us suppose that the inductors around a certain drum 
winding are numbered consecutively from 1 up. If it is further 
assumed that inductor 1 is joined at the front end to inductor IG 
to form a loop, and that 16 is joined at the rear to 31 to form a similar 
loop, the pitch at both ends would be 15. Had 1 been joined to 18 
at the front end, and 18 to 3 at the rear end, then 3 to 19 at the front 
end, the front pitch would he yt = + 17, the back pitch yi, = -15, 
the average pitch 16, and the resultant pitch 2. 

Ring Windings. Ring windings may l)e divided into two classes; 
the spirally wound ring, shown in Figs. 119 and 120, and the scries, 
connected wave-wound ring, shown in Figs. 121, 122, 123, and 124 for 
two methods. 

The first typt*, forming in itself a single closed lirlix, is unaffected 
by the nuinlKT of poles; by meanly placing 2/; s(*ts of brushes on the 
surface of the commutator at e(|ual distances apaft, the winding is 
at onc*e divided into as many ecjual and symmetrical paths through 
the armature, and we have c = p. A multipolar armature is thus 
obtaim»d, having as many parallel circuits and as many points of 
collection of the curn^nt as there are poles. The ecjuation of the 
e. m. f. of such a mulfipolar parallel-wound or multiple-circuit arma- 
ture is similar to that for a bipolar machine; that is, 

_ ^J< V__j* X J!_P- "^- __ ^ ^ </> X r. p. in. 
"~60 X~l(Fx c' - 60 X 10"* 

since c = p. This multipolar winding has greater current-carrying 
capacity than the bipolar, since there are more paths in parallel, 
the multipolar winding being thert»fore equivalent to several bipolar 
dynamos in parallel, just as the bipolar machine was shown to be 
equivalent to two sets of cells in parallel (Fig. 4S). 

As in a bipolar machine, there are two points on the commutator 
where the e. m. f. is zero — i.e., where proper commutation may 
occur — so there will be p points in a multipolar parallel-connected 
ring winding where the current is commutated, and p brushes will 
be needed. If, however, the increased number of points of collec- 
tion be regarded as a disadvantage, they may again be reduced to 

two, by joining all commutator bars which are situated 360 -^ \' 

degrees apart, so that sectors which are at any moment at the same 
voltage are connected together. Thus, in a four-pole machine, each 
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commutator bar must l>c connected to tliat which is diametrically 
opposite, and there is a choice between two positions for the brushes 
at right angles to one another. In a six-pole machine, each cross- 
connection must unite three sectors situated 120° apart, and the 
brushesmay be either 60° or 180° apart; in an eight-pole machine, four 
sectors 90° a|)art must be joined, dnd the brushes may be either 45° 
or 135° apart. Thus we see that in general the angle between the 

brushes of unlike sign may be 180° -r- ■\- or any uneven multiple of 

this angle. The commutator cxinnections for a four-pole tross-con- 
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Pole CroaaCoBiuxteA Wlnillng. 



nected winding of the type described, are shown in Fig. 125, while 
Fig. 126 illustrates the same for a si.\-pole machine. When thus cross- 
connecte<i, the commutator must \k made p -e- 2 times as long as 
bcfoa-, in order to provide sufficient surface of contact to collect 
the current by the two sets of brushes; also, die number of com- 
mutator segments must be divisible by p. 

In the multipolar ring winding of Fig. 1 1 9, each pole corresponded 
to one circuit through the armature, the total number of circuits 
l)eing therefore e<|ual to the number of poles. It is also possible to 
add together the induetiv<' effects of two or more poles, so that the 
e. m. f.'s produced by one-lialf the inductors on the armature are 
summed up in series. The winding will then have two paths in 
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parallel, whatever the number of poles. This is called a series- 
vxnmd or (wx>-circutV armature. Ring windings of this kind are not 
used in practice, so that they need not be furtlier considered. Series- 
wound or two-circuit drum windings are of practical importance, 
and will be described later. 

Fonns of Drum Windings. Closed-eoil drum windings are of 
two forms, known as Zap windings and wave windings respectively, 
and so called from the mannerof connecting thecndsof the inductors 
to form a section. In the bipolar type, there is no essential difference 




Fig. ISS. Commutator ConDecllons 



between the two forms; but when applied to multipolar machines, 
thedive^ence is marked. 

A simple (simplex) lap winding. Fig. 127, gives as many circuits 
tbrou^ the armature as there arc poles, whence it is .similar to a 
parallel-wound ring armature. On the other hand, a simplex wave 
winding. Fig, 128, always gives 2 paths through the armature, irre- 
spective of the number of poles. 

It b seen, therefore, from tlie fundamental formula for the 
e. m. f. of a dynamo (page 02), that, for a given numlxr of armature 
inductors, a wave winding will give more voltage than a lap winding 
in a multipolar field. The latter, however, will give a greater numl»er 
of paths in parallel through the armature, thus increasing its current 
capacity. 
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The dbdnction betrevn the tvo irindings arises in the follow- 
ii^ manotT. Since the inductors that are passing a north pole 
generate an e. m. f . in one dlrcciioo, and those passing a south pole 
are ^raeiating an e. m. f. in the opposite direction, it is clear that 
ao indtKtor in one of ibe^ groups should be connected to one in a 
ncariv corre:qM>ndin^ poiiuoa in one of the other groups, so that the 
current naj flow down <ne anl up the other in agreement with the 
dtrectioos of the e. m. f/s. If, now, we examine Fig. 127, we see 
that at the hack of iht- anna lure— that is, the end distant from the 
aHmnutalor— each iuducior h cuoncctcd with the one five spaces 
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Fig. 137. Tfplcal Slinplei Lap Winding, and Winding Table lOT Swne. 

further on, or the pitcli at the back is 5. At the front end of the 
winding, after winding one element — as, for instance, e-9-14-/ — s 
second element /-II-I6-3 is formed, which laps over the first; and 
so on completely around the winding. In the wave winding illus- 
trated in Fig. 12s, however, the case is difTerent. The connections 
at the rear end remain as in the preceding winding; but at the com- 
mutator end, instead of lapping back toward the point from which it 
started, the connection turns the other way — as, for example, 
c-5-lO-k. This results in a winding that advances in a sort of 
zigzag path; hence its name. 

Lap Windings. Fig. 127 illustrates a simplex or single lap 
winding, since the terminals of an clement are connected to adjacent 
commutator bars. Following through this winding and starting 
at segment a, we pas-s along conductor 1 to the rear of the armature, 
then by an end connection skip over to conductor 6, which leads to 
commutator bar b. From that point, conductor 3 leads again to the 
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rear, and is there connected to 8, which brings us back to bar c. 
Following on in this manner to bar i by conductor 2, and from here 
via conductor 17, we finally reach bar a through 4, thus closing the 
winding on itself without traversing each conductor more than once. 
Calling the intenal between the conductors connected at the rear 
of the armature the back pitch (j/b), and the inter\'al between those 
connected together at the front end the front pitch (yj), we see that 
for this winding, y\y = +5; and yt = -3. The average pitch, being 
half the arithmetical sum of the front and back pitches, is yav = 4; 
while the resultant pitch is y^ = + 2, being the algebraic sum of 
the front and back pitches. 

Considering only the case in which each clement or section of the 
winding is a single loop, the numlxT of such sections will be Z -v- 2; 
the number of sections (which is the same as the number of resultant 
steps if multiplied by the length of each resultant step) will e<]ual 
the total travel of the winding. This will be tHpial to Z if the whole 
winding must be traversed before closing u{X)ii itself. If, however, 
only one-half or one-third of the winding had to be traversed before 
the start was reached, the total travel would lx» f ^Z, where U is the 
number of times the winding must be traversal before finally closing 
on itself. We have, therefore, for the first condition controlling a 
lap winding, 

'f-(y'> + yt)=U Z; so that U = -^"^ '^' , 

where U may be any whole number. Hence it follows that the sum 
of the front and back pitches must in every case be an even number. 

There is also the condition that no conductor shall be encountered 
twnce; that is, no number of steps whatever, however often repeated, 
shall make i/b + yt equal to i/f. Or, taking m as any whole number, 

yf < w (yt + yb) ; 

whence, 

yt -^ 2/b ^ w-f- (l-w). 

It follows from this inequality, that yt and y^ cannot possibly 
have any common factor; and as their difference must be even, it is 
evident that both must be odd numlx»rs. Also, to make the winding 
lap back, it is necessary that one of them should be a negative numl>er. 

Wave Windings. The winding illustrated in Fig. 128 is called 
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a simptcz van rinding. Starting at bar a, we pass alon^ conductor 
1 to the back of the armatutc. tbence by a connector to conductor 
6. and then ahead to bar /. From here we follow along conductor 
1 1 , and then 16 to b, wb«ice we are led aknig 3 and 8 to j^. Following 
through the com|^le windiag, we arrire at bar a by way of con- 
ductor 14. after having traversed each «H>ductor once. Thus the 
winding closes upon itself after passing through p -t-2 winding 
elements. 

For this winding, then, we have, 

yt = +5; yt - +5; y„ -5; y, - +10. 

The resultant step is yt + y^ as before; and the number of such 
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Fig. 138. Trplckl Simplex Wan Winding, ftnd Winding 'Ribla [or Suns. 

steps being Z -i- 2, and the total travel through the winding being 
U, we have; 

^(•Jt + y<.)-UZ; whence V-^^^^. 

In order that no conductor be encountered twice in -traversing 
the winding, it must not be possible, by any number of repetitions 
of the step yi + yb, to recur to the step i/f beyond any previous num- 
ber of repetitions of the resultant step, Hence, if m and n are any 
whole numbers, m (yi + t/i,) must not equal n (y, + j/u) steps plus 
yt- Til at is, • 

m (yi + yt. ) ^ n (y, + ifl, ) + yi. 
It follows in this case, also, that yt and yt, cannot have any common 
factor; and as their sum must be even, both of them may be odd, since 
U may l>c any number. They may, however, be equal to one 
another, and this is commonly the case. 
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General Formulas for Drum Windings. In general, if y stands 
for the complete step from the first conductor of any group to the 
first conductor of the next group, m for the field step, and G for the 
total number of groups in the winding, we shall have, from the 
previous deductions : 



when 



mZ = mgG ^ -^- p y ± c , 



p y ± 2 c . 2 m Z "f 2 c 

•f^ ; and y = , 

2m ' ^ P 



which are the general formulae for s>Tnmetrical windings, where g 
is the number of conductors per group. 

For la'p windings we have m = 0, so that, 

2c 

P 

We may separate y into two parts yt and y^, of which either is 
negative, and either slightly less than or equal to Z -7- p, and which 
differ from one another by 2c -h p. 

In la'p windings the step of the winding at the commutator is 
related to the winding pitch by the simple rule : 

Thus, in a simple winding of this type where y = 2, and where each 
element of the winding is a simple loop of two conductors so that 
jF = 2, we would have yk = 1- 

For wave windings, m = 1, so that, 

2Z T 2c 

and if this complete step is made up of equal front and back pitches, 
we shall have: 

Z =f c 

P 

R^entrancy of Windings. A winding which closes upon itself 
is called a closed-coil winding, as heretofore noted; also, because it 
re-enters upon itself, it is known as a re-entrant winding. 

If the whole winding must be traversed before the first inductor 
is reached or re-entered, the winding is said to be singly re-entrant. 
If one-half the winding need be traversed before the inductor from 
which the start is made is again encountered, the winding is said to 
be doubly re-entrant; and so on for triply and other multiply re-entrant 
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windings. Tlie number of times the drum is passed around is of no 
consequence vhen considering the re-en(rancy of a drum winding. 
For example, in Fig. 120, the drum is passed around 25 times before 
the conductor from which the start is made is reached, yet the wind- 
ing b singly re-entrant, as shown by the winding table accom* 
panying it. 

Multiplex Windings, An armature may be wound with two 
or more independent windings, each of which may be singly re-entrant. 




Fig. 1 JO. Wave WlDillng.B-l'nlp. S-i ■in- 
SlnBly KP-rnrrsiit. IS«? WludliiB 

as sliown in Fig, 130. These two windings might be furnished with 
two independent commutators situated at each end of the armature; 
but usually there is one with the number of its segments doubled, 
the two sets of bars being alternated between one another. In this 
case the brushes must be made broad enough to overlap at least two 
and one-half commutator bars, so as to collect current from both 
windings simultaneously. Such a winding is known as a duplex 
singly re-erUrani winding. Triplex-u-ound armatures have three 
independent windings, with three sets of commutator bars similarly 
arranged. 

The advantage of multiplex windings is that sparking at the 
brushes may be considerably lessened, for the coils are short-circuited 
a much shorter length of time and there is a longer brush-resistance 
path. Hence multiplex windings are much usc<l in machines intended 
to supply large currents at small voltages, such as generators for 
electrolytic work. 



DYNAMO-ELECTRIC MACHINERY 



107 



Winding Table for 8-Pole Drum Armature; 202 Conductors; Two- 
Circuit, Series-Parallel Grouping; Brushes (i) 135** Apart. 
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Paths in Parallel and Conductors in Series between Brushes. 

In a simplex lap winding. there will be p paths in parallel l)etween 
the brushes, and Z^p conductors in series. In a simplex wave 
winding, there will always he 2 paths in parallel through the armature, 
and each path will consist of Z-^2 conductors in series. 

A multipolar lap winding is often called a parallel-grouped 
unnding, on account of the numl)er of parallel paths through the 
armature. Sometimes it is called a muliiplc-circidt winding for the 
same reason. Similarly, a simplex wave winding is called either a 
ixco-circuit winding or a series winding. 

Combining simplex windings to give a multiplex winding adds 
to the number of paths in parallel through the armature, but not 
the generated e. m. f. The latter is increased by multiplying the 
number of turns per coil, or the number of coils in series; but 
having a great number of turns per section (that is, element of the 
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winding) aggravates the tendency to spark,as already shown (page 46). 

Number of Brush Sets Required. Wliere there are p points 
around the commutator at which the voltage is zero (see page 35 for 
method of measuring potential around a commutator), p sets of 
brushes may be used in any case. In a lap winding, simplex or 
multiplex, p sets must be used in order to collect the full armature 
current; while in wave windings, simplex or multiplex, 2 sets of 
brushes are sufficient, though any number up to p may be used in 
order to insure sparkless collection of the armature current. For, 
by referring to Fig. 131, it is seen that if six brushes were placed 
aroimd the conunutator 60 degrees apart, the extra ones might be 
considered as cross-connections introduced to reduce the armature 
PR loss. 

Conditions to be Satisfied by a Closed-Coil Drum Winding. 
A drum winding cannot have an odd number of inductors. Both 
the front and back pitches must be odd in simplex windings, for the 
odd-numbered conductors may be regarded as the returns for even- 
numbered ones. 

Both the front and back pitches must be approximately equal 
toZ-^p, in order that conductors moving simultaneously under poles 
of opposite polarity should have their generated e. m. f.'s additive. 
The smallest pitch meeting this condition would stretch completely 
across a pole-face, while the largest would stretch from the given 
pole-tip to the next pole-tip of like polarity. When the front and 
back pitches differ considerably from Z -=-p, the winding is called a 
chord winding, the name being due to the appearance of the end- 
connections. As we have seen, this method possesses the advantage 
of cutting down the demagnetizing effect of the armature; but it has 
the disadvantage that the two edges of any section are not both 
passing at the same time into a commutating field, so that it is n6t 
suitable for handling large outputs of current. 

For a given number of inductors, the front and back pitches must 
be chosen so as to comply with the following conditions: 

(a) All winding elements must be similar mechanically and electrically, 
and must be symmetrically placed upon the armature. 

(6) In a simplex winding, every inductor must be passed over once 
only, and the winding must close upon itself, or be re-entrant. 

(c) In a multiplex winding, each simplex element must comply with 
eondition (b). 
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{d) A multiplex winding not consisting of complete and indcpnndert 
simplex windings (called a Hrtgly r«-an(ranl muUiplez tpinding), must aa a 
whole satisfy condition (b). 

(e) In a two-layer winding (that is, one where the conductors arc placed 
one on top of another in a slot}, it is usual to give the upper ones odd oum 
ben, and the lower ones even numbers. 

In addition to these conditions for drum windings in general, 
Up windings must also comply with the following: 




FIk- 131. Slx.Pole Drum. Simplex Wave WlndlDK, Singly Re-entrant. 

(a) Front and back pitches must be opposite in sign. 

(b) The front and back pitches must be unequal, otherwise the coil 
would be short-circuited upon itself. 

(c) In a simplex lap winding, the front and back pitches differ by 2; 
that u j/h ~ j/t *2. 

id) In a multiplex lap winding, the front and back pitches differ by 
3>, where z ia the number of component simplex windings. 

(«) Z may be any even number; and in slotted armatures, it must also 
be a multiple of the number of slots; the latter may be eveu or odd. 

Wave windings must similarly comply with the following con- 
ditions : 
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' 2^ Ttoci 9Z. i b«ek pctc^bes ssst be ftlxke in si^. 

ib) Front azri b^ck pnches cat be equjJ, or differ by any multiple 
of tT3. UAialhr tbey are botli evqua! zkearly to Z-i-p, although one may be 
leai^ azkd tbe ocber cremier. 

'r^ In simpiex vindincs. Z = p fm :=: 2. 

Id, In z^uhipuex windings, Z = pfm ^ 2x. 

Rcsomc of ^nHEns Fomoljc. In Table VI will be found 
lormube covering most ^f the types of ring and drum windings 
wfaicfa are now used. Tbe svmbob in the columns have the same 
significance as those used in the text. 

Equipotential Coonectioiis. As the armature in practice is not 
always centered exactly with respect to the pole-pieces — and, further, 
since the conductors are not equidistant from the latter, because of 
winding inequalities — the generated e. m. f. of the various sections 
will not be exactly equal. Hence there will be cross-currents internal 
to the armature, whidi increase sparking at the commutator and 
heating of the armaturv. In wave windings, the conductors are con- 
nected in series and so distributeil as to have no perceptible tendency 
to produce cross-currents; but in lap windings, inaccurate centerin<:j 
may lead to the production of large local currents. In order to reduce 
their production as much as possible, it is customarj', in large genera- 
tors or in others liable to be so affected, to connect through low- 
resistance leads, the bars, or conductors at the same voltage. These 
connections are called ctjuipoieniial connections; Rud although they 
reduce the spiirking tendency due to local currents in the armature, 
they add a little to the heating of the armature. 

Examples of Armature Windings. On the follo\\4ng pages will 
l)e found examples of windings in common use. In Figs. 131 to 137 
inclusive, the short, radial, numbered lines represent the conductors; 
the crossed lines outside of the circle of conductors represent the 
connections at the back end of the armature; and the crossed lines 
between the circrle of conductors and the commutator at the center, 
represent the connections at the front end of the armature. For 
the sake of simplicity, only a few conductors are shown in these 
examples; and it should be noted that in actual designs, their number 
Z attains a much greater value. 

Fig. 132 represents a six-pole drum simplex singly re-entrant 
lap winding, with GO conductors, a front pitch of -11, and a back 
pitch of + 9. In this particular case the general progression of the 



DYNAifO- ELECTRIC MACHINERY 



winding is around thednim in an anti-clockwise direction, and on this 
account it is sometimes called a retrogressive winding to distinguish it 
from a clockwise one, which is called a progressive winding. The 
winding here shown has a commutator pilch of -1, and there are six 
priths in parallel through the armature, necessitating six hrush sets 
unless the winding or commulalor is cross-connected (see Fig. 125). 
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Fifj, 131 illustrates a six-[H»!e dnim .simplex singly re-entrant 
wave winding of 02 inductors. It has a front pileli of +11, arnl n 
buck pitch of +0, giving an average pilch of 10, and a eommulntor 
pitch of 10 also. This winding has two {>ulhs in imrallel llinnigli 
the annalure, so that only two bnish sets arc reciuired. The loca- 
tions of the other hni.sli sets, which may be added if large currents are 
(o be eoUeoted, are also indicated by dotted lines. 

Fig, 133 shows a si.x-pole driun duplex doubly re-entrant lap 
winding composed of flO inductors with a front pitch of -11, a back 
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pitch of -^7, a commutator pitch of -2, and 12 paths In parallel 
throu^ the armatutv. This Tioding is also retrogressive, and com- 
posed of two complete but distinct simplex sin0y re-entrant lap 
windings, eadi having 30 inductors. One set is represented by the 
full lines, the other by the broken lines, their respective commutator 
aeffoaits being unshaded and shaded. It should be noted that with 




Fiij, 133. Sli-Polt' Driim Dnpl^x Lap Vtndlng. Doable R»«iiimit. 

a duplex or any other multiplex winding, the brushes must be wide 
enough to cover at least as many segments as there are windings. 
Here the bruslics cover two segments. 

Fig. 134 represents a sLx-pole drum duplex doubly re-entrant 
wave winding, consisting of G4 inductors, having a front pitch of +0, 
a back pitch of +11, and a commutator pitch of 10. The average 
pitch is 10, and there are four paths in parallel through the armature. . 
Nevertheless only two brushes are required to collect the current, 
although others may be added as indicate<I, if desired. It consists 
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of tivo complett simplex singly re-tntrnnt wave windings; hence its 
appellation, duplex doubly Tt-rnlrani. 

Fig. IS/i represents a four-pole drum simplex doubly re-entrant 
lap winding having 34 inductors. In this case the front pitch is +9, 
the back pitch is -5, and the commutator pitch is +2, while there 
are 8 paths in parallel through the armature. Four brushes only are 
retjuired, and inspection shows this to be a progressive winding. 




Fig. 13G illustrates a four-pole drum simplex trebly re-entrant 
wave winding having 34 inductors, with a front pitch of -11 and a 
back pitch of -9. The commutator pitch is -10, and it is seen that 
this !s a retrogressive winding, having six circuits in parallel through 
the armature. 

In Fig. 137 we have a six-pole drum duplex singly re-entrant 
wave winding, with a back pitch (A 11, a front pitch of 9, an 
svenige pitch and a commutator pilch of lU, It has two paths 
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in parallel through the armature; and although only two bruslK's are 
required, six sets may be used it desired, as indicated. It is a pro- 
gressive ninding. 

Length of Armature Winding. The length of wire in an 
armature winding depends upon the particular type of winding em- 
ployed. Determination of this length is nccessan' in ihedesign of 




dynamo-i'lcctric nuidiinory in onlcr to TOnipute the armature resist- 
ance and the rfsiillinf^ regulation of the mdchiue. G. Simonds,* 
J. Daleniont,** H. M. Ilolrart.f and A. I. M. Winetraubff have 
given methods for tomputing the lengths of winding necessitated by 
the different types; but the melhod usually employed by mauufac- 

"" •ElrelHcat HnrW. MarPh S. 1900. 

*• Bulletin lit \be InHtllule MoDteflore. 11, «2B, 1901. 
t Traction and TVaiumitiion, V, IW. IKO. 
WmteUieal H'orlit, AugOBl ». 1M6. 
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turers consists simply in drawing the arnmture to scale, and laying oiT 
thereon a section of the winding, the requisite length of wire being 
then determined liy actual measurement. In particularly important 
cases — for example, when a new type of machine is to be built in large 
niiml>ers or sizes^ — a [xirtion of a dummy armature core is made cf 
«f«Ki and wound with the correct size of wire. The lengtli thus cm- 




Vie-lSt. SU circuit iwum simplest TTPbly Re- 



i Winding, 

iIkt of .sections 



ployed for one section is tlien multiplied by tl; 
to obtain the total length of wire required. 

Annature Re^stance. Having obtained the length of wire 
ret|uired for the winding, the resistance of the armature may be cal- 
culated from the formula, 

%■=''-'. 

c' a 
wberem p is the rtsistance of a unit-length of copper of unit 
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aos»-3ectioD; / is the tobd length of the armature n-indiog in the 
same linear units as p; r ipptcsents the number of circuits Id parallel 
duou^ the armalmir; and * is the cross-sectional area of the con- 
doctaM- in the same omts as that upca which the value of p is based. 
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A circular conductor one foot long and one mil (0.001 inch) in 
diameter is called a circuiar mU foot; and if composed of standard 
copper, it has at 20° Centigrade a resistance of lO.-lSohms, andatO" 
Centigrade a resistance of '.).5o ohms. At any other temperature (, 
the resistance /?( is: 

ff, - 9.55(1 +0.0042/). 

If we take as our basis of calculation a square conductor, the 
cross-section being a square each of whose sides is one mil long, we 
have a s^are mi/ /oof, which has an area 4 -r ir times that of a circular 
mil foot. Hence its resistance is ir -r 4, ui 0.7854 of that of a circular 
rail foot. Hence the resistance of a square mil foot of copper wire 
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at 20° C. is 10.35 X 0.7854 = 8.15 ohms, and at 0° C, it is 9.55 X 
0.7854= 7.5 ohms. 

The rcsbtance of any copper conductor, the cross-section ol 

i given in circular mils, is at 20° C. equal to 



which 



(P 



where / is the length of the conductor in feet, and iP is tlie cross- 

section in circular mils (that is, the 5(|uare of the diameter in mils) 

Example. 1,200 feet of copjHT wire 0.1 inch (100 mils) in 

diameter is require;! for a certain six-circuit armature winding. 



Substituting in the equation i 
of the armature: 



we have for tlie resistance 



= 0.0345 ohm ut 20°C. 



Annature Losses. The losses in the armature may be divided 
into those due to the resistance of its winding, and those due to the 
hjsteresisand eddy currents in its iron core,* 

Under the preceding heading, a method of finding the resistance 
of the armature winding was given; hence the copper loss in the 
armature due to the resistance of its winding is: 
«'cu = K fa- 

For calculating the hysteresis loss «J], in the armature, we may 
use the formula and curves given on page 14, or may refer to a cun'e 
obtained by test upon the iron to he used. Similarly, the eddy-current 
loss uv may be computed fnim the formula given on pag«' !.'>, or fn)m 
the graphs of Fig, 17. The total iron loss in the armature is there- 
fore: 

"•i = "■« + «'h- 

It is found, however, by tests upon actual machines, that the iron 
losses thus computed are considerably lower than the tnie values. 
, This is no doubt due to unei]ual distribution of flux in the various 
I parts of the magnetic circuit subject to a varj-ing flux-density; also 
to the departure from the ideal conditions in the matter of dispersion, 
and to the presence of wasteful currents in other parts of the 
machine. Prof, J. Epsteinf gives curves. Fig, 13S, showing that the 
eulcidateil losses of a machine based on any of the heretofore standard 

• WlntlitHCi duo tu tbe rnUillou of Ibe armature nil) be dealt wltb under & later 
bau6iag. 

t Proi'eedlngi or the Iiutltiilloa of Eloelrlcal Eaglooen of Oraat Britain. Kot. 1 1 . ttOS, 



DYN.\Mt'>ELEirrRiC lUCHESERY 



<iu» wnakl be Inw ; hence dte actml ammanal rffai e n c T ts knvo' 
diaa the ffompaiefL 

Ea acbiiar»i to the <!alciilunf inn aad cupper kmcs. tfaetc mav 
he a Inoa in the annamie coniorats due id cddr ommts, and 
aootfaer In^ If fiir uit r&xxi the cnmut does nK ciistribote itself 
eveolv thno^di the cnuiiictor- JUao, if dir tfinjion of curimt 
betvmt the parallel ciimits of Ac anmuur w ind ing is not unifoim, 
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//- Ilohan. -Elpcuic Moiom;" 
ti'hlnt; h'-O. Kapp, aUieHilrom 



anil ciiiialii^in^ c-finnections are not provided, an additional loss 
n-niill.H. 'llir-wr an; so obscure as to baffle computation; and as thttir 
vnliir; JH Hmall, they may be ncplected. 

Heatinx of Annatures. The amount of heat whidi vill be 
diHHi[)<ttc<l by a unit-surface of a. moving armature depends upon: 

(I) Iti'HiHtancr, (.■ilily-currciit, and hyatereeiB loases in the KTmature. 

I'i) Ilcnl-rnilialiti); nurrorc of the armature. 

{11) J'criplicrttl H[>cirr! of Uio armature. 

within limilB, of Ihc ratio of the. radiating surface to 



I»i1ni 






(fi) Ti' HI [H- ratlin- of the radiating surface. 
'Die (ir.Ht (if llicw ia dependent upon the internal actions of the 
nrmiitnnr, niul rcpn-wnts fhc total heat which must be dissipated. 
'Die surface cxpo-ocd to the cooling action of the air is somewhat 
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indefinite, but in most cases the total peripheral surface of the arma- 
ture is assumed as radiating surface, and to this may be added one-half 
the surface of the ends of ihe armature. 

As tile peripheral speed of the armature becomes greater, it is 
found that the radiating capability of its surface increases, though 
not in direct proportion, 

Messrs. A. H. and C. E. Timmennan* found by actual test 
that the effect of pole-faces above a surface is to interfere with the 
radiation of lieat. As the proportion of surface covereil by the pole- 
facts became larger, the amount of heat radiated per degree rise in 
tcim>eralure hitume less. They also found tliat elevation in 
temperature of a surface causni an increase in the radiation of heat 
per degree rise in tempemlure, but that this rate diminished as the 
teniperalure rose, 

\'arious form- 
uliE may be given 
for estimating the 
ultimate rise in 
temperature of 
armatures: hut as 
most of them are 
empirical and 
clumsy, tile cunes 
of Fig. 13!) have 
been substituted. 
With their aid, we 
may determine 
the tem[N?rature-rise in degrees Centigrade of an armature at any 
usual |3eripheral speed, if we know the total radiating surface and the 
total amiature losses. 

EranipU. In a 4S0-kilowatt generator, the best-radiating surface of 
the arniaLure vraa romputeil to be aliout 5,000 square inches, tvbilc total 
losses in the armature were found to be 12.330 watta by calculation. Hence 
the watis wastetl per square inch of heat-radiatJiii; surface ore 12,330 h- 5,000 
-2.46. 

As the peripheral speed of the armature in this instance was 4.500 feet 
per minute, we see by reference to the curves of Fig. 13i). that llicre will be a 
rise o( 19" C. tor each watt per square inch. Henee the temperature- rise of 
sill bo approximately: 

tf. = 2.46 X 19 - 47' C. 
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Commutator and Brush Calculations. Commutators for con- 
tinuous-current machines may be divided into two classes, depending 
upon whether they are for open or closed-coil armature windings. In 
the former special case, used for arc-Hghting generators, the com- 
mutator has a small number of segments separated from each other 
by an air-gap, and each covering a considerable angle. With closed- 
coil windings, ordinarily used for direct-current lighting and power, 
in which case the terminal voltage is kept comparatively constant 
(in contradistinction to series arc-lifting machines, for which the 
current is constant), the commutator is of the original Padnotti t\'pe 
— (hat is. consisting of a considerable number of parallel bars or 
segments separated by strips of insulation, usually mica. In both 
cases the completed commutator presents a cylindrical surface against 
which the bruslics pn-ss. 

Number of Segments. The number of segments depends upon 
the numl)cr of s*"ctions of the winding, as shown on page 95. We 
have also seen (page 49) that increasing the number of commutator 
segments reduces the tendency to spark at the bnishes. This in- 
crease is limite<i, however, by the matter of cost, and the fact that 
the number of sections in a drum-wound armature can never exceed 
one-half the numlier of inductors, while, in a ring-wound armature, 
the numl»er of sections can never be greater than the number of 
inductors. 

The proper number of segments is therefore determined by the 
winding of the amiaturr, which depends ujjon the voltage and output 
of. the machine. If by espcricnce the suitable number of average 
volts per segment (^ of the commutator be known, then A", the 
number of segments, may l>e readily computed from the following 
formula: 

A' - Be-refc. 
Experience shows that the values of ru indicated in Table \TI, may 
be chosen, altliough the matter is influenced by the current to be 
collcctwl. If the latter l>e less than 100 amperes, then the value 
of <\ may be increased, but in no case should it exceed 25 volts. 

Arnold has given the rule that the number of commutator seg- 
ments must neivr be legs than from 0.037 to t).(M times the product 
of the nunilKT of armature inihiclors into tlie square root of the 
current carried bv one circuit of the armature. This rule is an em- 
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1 pineal one hasetl on obsen-ationa with regard to sparking; nevor- 
1 theless it has been found tltat good machines were built in which the 
' constant was slightly less than 0.037. 

EzampU. A 1 ,000- kilo wBtt generator hnving IG paths in parallel 
through its armatiirs produced SOO volts at its terminats. The nunilier of 
armstiire conductors was 2,304. Hence, according to Arnold's rule, K must ■ 


not he less than 0.0;i7 X 2,304 V 2,000-*- 12 - 95«. Aa a mattj>r of fact. 
1.152 segments were taken for this machine, making the number ot seg- 
ments equal to one-half the number of conductors. 

TABLE VII 
VMmte and Number of Segments 


For Macsihks Wobunq »t 


"^"sTo^It"^/" 


A,....S«=„.™p„,P... I 


500 to 650 volts 
200 to 250 volts 
too to 130 volts 


.■> to 12 

3 to S 
2 to 4 


40 to 150 or more 
2.', to 75 
20 to ,W 


Size of the Commti 
upon the number of se^ 
tion between them, an 


tator. The size of the commutator depends 1 
mcnts. their thickness and that of the insula- 1 
1 the length of the segments parallel to the 1 


eter is limited by 
the peripheral 
speed allowable. ^ 
The length de- ? 
pcnds upon the ^ 
amount of current o 
to lie collected, a '5 
density of 50 am- S 
peres per s(]uare „ 
inchbeingasmuch | 
a3 should be al- 
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tact area between fik 
a carbon brush 
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sulation say 0.3 in., anc 
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good results may be ex 
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the peripheral -speed of a commutator seldc 
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eters U J that of the armature diameter, which serves as another 
guide. 

Conmiutator Losses. The losses which the commutator surface 
must take care of ma; be divided into those arising from the resist- 
ance, or more properly the voltage drop, of the brush contact, and 
from the friction of the brushes against the rotating commutator. 

TTie former de- 
pends mainly upon 
the following fac- 
tors: 

(1) Material of 
the brushea. 

(2) Pressure of 
the brushes upoa 
the commutstor. 

(3) Peripheral 
speed of the com- 
mutator. 

(4) Current-den- 

Amperas perSquo.elnch of B-ush CorUact sity in the brush. 

PlB- 141- CurvoB Showlnit AveniRe Bnish FTop and Contact ' ^ "" ' ""' ". 

Keslslnnua at Vuriuu-i I'urreui-DrnsltiL-a tor Brvurnl Sland- the Commutator and 
. »rd Orodca ii( Carbon and Uraphlte Drustatis. bniBh(»H 

The loss due to friction of the brushes upon the commutator 
varies with: 

(1) Pressure of the brushes. 

(2) Peripheral speed of the commutator. 

(3) Coefficient of friction Ijetween commutator and bnishes. 
Fig, 141 shows the effect of various current-densities with various 

grades of brushes; and this may be taken as illustrating the influence 
of the material of the brush upon its contact resistance. Fig. 140 
shows liow tin- pressure of the brushes affects the voltage-drop; while 
Fig. 142 indicates the effect of peripheral speed of the commutator 
ujxin this drop, if we divide the watts loss by the amperes per square 
inch of brush contact; and Fig. 141 illustrates the relation between 
the current density in the bnish and the voltage-drop across both 
positive and negative bru.shes. The influence of the condition of 
the commutator and bru.>(hes upon contact resistance cannot l)e 
stated exactly; but it is a fact that if either be in bad condition, the 
losses at the commutator may be increased many fold. 
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Miilliplying the %-olts drop obtained from Fig. 141, by the 
current per brush set, we obtjiin the energy loss due to brush- 
oonlact resistance. For example, If we design the brushes so that 
the current-detisity in 
them is 35 amperes per 
stfuare inch at rated 
load, we have a drop 
over the contact sur- 
faces of both positive 
and negative bnisiies of 
1.35 volts; and multi- 
plying the total current 
output by 1.35 gives 
the watts lost, 

Ezample. In a IflO- 
kilowatt machine of one 
of the large manufactur- 
ioft companies, the current 
collected by the brushea 
amounted to 415 amperes, 
amperea per sqi 
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It the current 
inch, the loss due to i 
i.35 X415 = 5 



-denHity in the brushes had been 35 
oiitaet resistance would have been: 
iO watts. 

The variation of fric- 
tion losses (which (he sur- 
face of the commutator 
must radiate as heat) 
with peripheral speed of 
the commutator at vari- 
ous pressures, is shown 
graphically in Fig. 142; 
while the depenilence of 
the coefficient of friction 
upon the commutator 
peripheral speed is indi- 
I cated by Fig. 143 for 
' carbon bnishes in gotnl 
condition. 

To compute the watts lost through brush friction, multiply the 
total area of brush contact by the stress — i.e.. the pressure per unit 
area — to get the total pressure in pounds. Then multiply this value 
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by tlif coefficient of friction and peripheral speed in feet per miniile 
of the commutator, which gives the losses in fooi-poiinds per mimite. 
iJividing by 33,000 to convert this value into hurse-power, am! mul- 
tiplying by 740, we convert the result thus obtained into watts. 

Kxamplr. Taking X\ic same madiine as just Qbove mentioned, ti?t ns 
afsuine iIip Itruali iircasurr b» 1.5 pounds per square inch, thf? lotal bruxli 
(ircu as 23.7 aq. in., the peripheral speed of the commutator as 2,500 f<^t per 
niinilt*', and the coefficient ot friction ns 0.2". We have ttic frietiou lime: 
23,7 X 1.5 X 27 X 2,600 X 74G ^ 33,000 = M2 watts (noarlyV 
Commutator Heating. The final temperature which the cnm- 
niiilator smface will aftain depends upon the total losses to l>e 
nuliiititl by it and the radiating surface, tngellier with the peripheral 
speed. Acconiing to tests made by Prof. E. Arnold, the final rise 
in temperature of tlic commutator in degrees Centigrade will lie: 

.1, (1 + 0.005 ,1) 

ill which iiv represents the total commutator losses, eleelrieal and 

niechttnical, in watts; .-!{. represents the radiating surface of tlit- 

CH>mmutator in scjuare inches; and v repi-esenta the periphenil speed 

of the commutator in 

fii-t per minute. 

.Accnrding to Messrs. 
P:ir.shall and Hobart, tlie 
rise in tcmjKTalure of the 
commutator will seldom 
escecil 20° C with one 
watt per square inch of 
p(;ripheral radiating .mr- 
fiice at a peripheral syn-fA 
of 2..T00 ft. ]>tT minute, a 
liguit? which may be much 
' "^ "'■(■r.i.'ii''T'wC'Yi^^^ impniveti uixin with ven- 

tilated armiilures. 
Number and Sire of Brushes. The total numlnT of bnish sets 
is ii.sually fixed i)y the type of annature winding, as previously stated ; 
but this criterion gives us no clew to llie iiumlx-r of brushes jH-r set. 
In all bill thestiiallest tn;;chUies, it ia usual toplaceat lea.st two brushes 
exactly similar, side by dde (Pig. 144 .shows four), instead of one 
broad brush, thus allowing one brush to be removed fur trimming or 
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renewal while tlie machine is running, 'flic contact bt'tween tlie 
bnishes and the commutator is made much l:>ettcr l>y this MilHlivision, 
for a slight inequality at one point of the hiUvr may sHghtly raise 
one brush of a set at each revolution, witliout much harm, while, 
witli one broad brush, the entire brush would U- liftt-d, causing bad 
sparking. Sulxlivision of the brush also tends to ec]uali2e the wear 
upon the commutator, each bnish being separately held against the 
conimufator, and tlie gap between two adjacent brushes of the 
same set being bridged by the brushes of the other set or sets. The 
num!)er of individual brushes in each group dep«'nds upon the current 
capiieilyand size of machine and the judgment of the designer, and 
varies from two to eight or.more. 

The proper thickness for carbon brushes cannot Ix- stated 
definitely, but they are usually made to span '2\ Iwirs in armatures 
having simplex windings. Forarmatures with duplex and triplex wind- 
ings, thicker brushes must necessarily lie used. The usual thickness 

of metal bnishes _-. 

.spans about Ij *j 
commutator bars. 

Table VIII 
gives standard 
sizes of carbon 
brushe."! employed 
by most manufac- 
turing companies; 
and in designing a 
generatoror motor 
it is best to select 
one of these sizes 
that most closely 
approximates the 
refpiiremcnts. 

Heating of Carbon Brushes. Fig. 145 gives the variation of the 
temperature-rise of two well-known grades of carlxm brushes with 
increase in the current -density employed. The nxm\ teinjK-niturc 
at the time of the test was al>out 24° C, so that the vidues on the 
cunes represent final or total temperatures. 1 1 i.s therefore necessary 
to de<iuct 24 from the values given by these cunes, to realize tJie 
actual temperature-rise. 
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TABUE vn 



III 


III 


n. 

! i i 


m 

III 


X 

I 

- -« s 

< 5 2 i 
• 5 i g 


ts 
c 

5 




a 

1 


Length 

Width 

Thickness 


SSsXTvX \ 


Ixlx \ 


»s» X 1 X V 


4xlx K 


5xlx « 


exlXxH 


TxlJixH 


2Vx2\x S 


Ixlx \ 


*=* X rx ^ 


4xlx S 


Sxlllix V 


6xlHx K 


7x3 X « 


S^XSVE 5W 


ixlx \ 


*\x;x \ 


«xix i; 


Sxl!ixK 


«xlHxl 


7x2«x H 


SVx*\xl 


Sxlx 1 


ISxix 1 


4xlx 1 


SxlHx K 


telHxlK 


7x2>ix H 


tSx2 X \ 


IKIVK \ 


J^xSx \ 


lxl?»x X 


5xl?ixl 


ttzlKzm 


7X254XH 


*?»xr^r \ ; 


ItlSx V 


r^xsx s 


<xlHx » 


SxlhxlK 


«xJx H 


7X2HXH 


ssxs^xs 


xn^sx \ 


»?ixtx \ 


«xlHx V 


Sxfxl 


exSJix K 


7x25ix>i 


tVxS^^x K 


1x3 Sxl 

SxSx V 
JxSx S 
JxSx ^ 
SxSx 1 
3 X S x V 
SxSx H 
3x3x h 
SxSx 1 


SSx2x I 

r^xJx 3. 

l^xlx ^r 
JSxJx \ 
SS X S X 1 
SHxS^x \ 
' SSxSHx h 
SSxSSx K 
SSxSHx 1 
JJtxJSxlS 


4x1 Hxl 
4x2x ^ 
«xSx % 

4X1X1^ 


5xSxl3f 
SxSHx 3f 
SxSSx H 
5x5»xl 








7x2 5ix H 


SSxSSxl 




7x2Kx K 
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7r2!ixlH 
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CALCULATIONS OF MECHANICAL PARTS 

General. The almost invariable practice is to have the magnet- 
yoke of a generator or motor sen-e as a frame for all the remaining 
parts, except in larger sizes, for which independent bearings are used. 
ITie strength of the material used in the field-ring is great, and as its 
bulk is large in comparison with the load sustained, it is rarely that 
mechanical calculations are made. In the case of the armature shaft, 
the arms or spokes for the spider, and the bearings, however, calcula- 
tions are necessarj', which will now he briefly considered. 

Armature Shafts. The shafts of armatures are usually made of 
mild steel; and for their design, reference may be made either to 
standard works on machine design or to the formulae below, based on 
the usual methods employed in that class of work, and modified to 
meet the requirements of electrical machinery. Shafts for the latter 
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are generally made somewhat larger than for other machines, on 
account of the magnetic pull which comes upon the shaft when the 
armature is even slightly out of center of the poles, as already noted. 
The diameter of that portion of the shaft within the armature 
core. Fig. 146, may be found from the following expression, 




- ^//mmm 




1 



Fig. 146. Dimensions of Armature Shaft. 



dc = ill |/— J?— 
Vr. p. m. ' 

in which 

c/c = Shaft di- 
ameter within the 
core, in inches; 

k\ = A constant depending upon the output of the machine as given 
in Table IX; 

TT' ^ Output of the machine in watts. 

The shaft diameter in the bearing or journal, may be computed 
from the following formula, 



ih - ki VW \Jt. p. m. 



in which 

dh = Diameter of the shaft in the bea ing; 

ki = A constant depending upon the speed of the machine (see Table X). 

TABLE IX 
Value of Constant in Formula for Diameter of Core Portion of Shaft 



Capacity of Machine (in Kilowatts) 


Value of A:, 


Up to 1 


kilowatt 


1 


1- 5 




1.1 


5- 10 




1.2 


10- 50 




1.3 


50- 100 




1.4 


100- 200 




1.5 


200- 500 




1.6 


500-1.000 




1.7 


1,000-2,000 




1.8 



TABLE X 
Value of Constant in Formula for Diameter of Shaft in Bearing 



Type of Armature 

High-speed drum armature 

High-speed ring armature 

Low-speed drum armature 

Low-speed ring armature 



Value of fc, 

. 0025 
0.003 
0.004 
0.005 
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Armature Sinder Spokes. Drum armatures in which the coiv 
consists of a ring of iron supported by means of a skeleton pulley or 
spider attached to the shaft, the winding being placed in slots in the 
circumfon>nce of the core, are called riiuf-core armatures, to distin- 
guish them from ring-wound armatures such as shown in Fig. 30. 
Fig. 147 represents a ring-core, (Irum-wouml armature in process 
of construction. In l>oth cases the driving of the armature is effected 
by a nunitier of spokes which respectively form part of the spider 
itself (Fig. Its) or of a separate frame keml to the skeleton pulley 

(Fig. 149). Tlie 
spokes are usually 
elliptical in cross- 
section, and are 
generally made of 
cast iron or steel. 
They should l»c 
designed a<lc- 
t|uately to supiK^rt 
and drive the arm- 
ature. 




lir. HInB-Coro Itnim-Wounil 



... From a con- 

sideration of the iH'uding and shearing moments acting upon sucli 
an ann or s|)oke (Fig. 149), it may bo showii*that: 
trb, (/."t , UtOwl 1 . 



hit' 



Kit) If t 



in order that the sjifc working stresses uf the material utilized may 
not Ih.' exceeded. In tliese fuiiniiln-, 

b = Bri'u<ll)i of an arm |>nrallcl to tlu: xhaft, in inches; 



•S-*-Tbo Dynaran," by Uawkllis & WaUK Nuw York, IWB; p.SlH 
t~M.'_ Is i[„,|„Q a^ tbe «imlul<i' of r-titl-mr, „t \be seel 



For tbo Kocllon 



^trrrj "'■"■■ ^ '■•"-•""'« ffl '■'■ 



tbi- formula. 



I — d — I 
ii:11on<< he iVirii. tbDcorniGpoiidlBe uecllon mixliUUHBboulilb 
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/, ^ Safe workiDg stress of the material for shearing, in lbs. per sq. in 
which, for cast iron, is 5,000, and for cust steel 15,000; 

^t -^ Safe working stress of the material for tension or compression, i 
Iba. per Hq, in., which Is l,250lor 
cast iron, and 5,000 for cast 
Blecl; 

if = ThicLnesB of the a 
in inches; 

I ^ Distance from the li 
of section whose breadth is b 
and whose thickness is J,. 

n. — Number of spokes t. 

r - Radius of an 
inches. 

Annature Binding Wires. 
In the ai.se of toollicti anna- 
lures, the conductors must 
be held in the slots. For f liis 
purpose it is customary to use 
wedges driven in under the tops of the teeth, or, in tlic case of 
straight teeth, to use a number of external hands known as binding 
ivires. These must lie strong enough to resist the centrifugal forces, 
and yet at the same time occupy very little radial depth, that they 

may not interfere 
with the clearance 
between the arm- 
atureand the pole- 
faces. The altnpst 
invariablepractice 
is to use a tinned 
wire of hard- 
drawn brass, phos- 
phor-bronze, or 
steel, which, after 
winding, can be sweated together into a solid band. The ultimate 
tensile strength of phosphor-bronze is from 65,000 to 120,000 [H>undH 
per square inch, while that of steel wire varies frrjm 120,000 to 
200,000 pounds ]>er square inch, the larger figures relating to the 
smaller sizes of wire. 

To estimate the proper size and number of binding wires re* 




lUne-Cure 



Driven by Pulley BUd EodRlagt. 
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quired, we have that if d be the diameter (in inches) of the circular 
path described by a mass of weight w^ pounds, the centrifugal force 

will be = 0.0000143 X d X w^X T.p, m. "pounds weight. So that if 
we assume a value of 100,000 pounds per square inch as the maximum 
allowable tensile stress in steel or phosphor-bronze wire, and allow 
a safety factor of say 10, the total section of binding wire required 
will be: 

_ 0.000014.3 X 10 X in X Z X d X rTpTni".^ 

TTX 100,000 

= 1.55 X lO"'" X wi X Z X a X r. p. iii.^ scjuarc inches. 

From this total nt*ct\ss{iry section, and an appn)priate wire table, 
the number of wires is then calculateil, and they arc then arranged 
in suitable Ix^lts. 

Example. Ia^I ti\ = 0.39 lb.; Z = 1,536; d = 62 in.; r. p. m. 
= 150. The total necessary section computed by the above formula 
is 0.379 square inch. Referring to the wire gauge tables, we find 
that 14tS wires of No. 15 B. & S. gauge will fulfil the conditions. 
These may be arranged as follows: 5 Wts of 10 wires each over 
the core b(Klv, and 4 l)elts of 17 wires each over the extended ends of 
the winding (i,e,, 2 belts of 17 wires each over each end). 

Under each belt of binding wires, it is usual to lay a band of 
insulation. These bands generally consist of two layers, first a thin 
strip of vulcanized fibre or of hard red varnished paper slightly wider 
than the belt of wires, and then a strip of mica (in short pieces) of 
about equal width. Sometimes small straps of thin brass are laid 
under each belt of binding wires, having tags which can be turned 
over and soldered down to prevent the two ends of the binding wire 
from flying out. 

Armature Bearings. Bearings for generators and motors should 
be very strong and rigid, with ample wearing surface, in order that 
the armature may not become materially displaced with respect to 
the poles as a result of magnetic attraction as well as weight, 
and also to prevent overheating of the journals. The following 
formula takes into account the increased generation of heat at 
higher peripheral velocities, and also provides sufficient wearing 
material: 

^b = ^3 X rfb V r. p. m., 
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wherein 

fi, ^ Length of tho bearing, in iiii^lieE: 

lit, " Diameter of the shaft in the bcarizig (f roni iittj;(! 1 2!)) ; 
*« - A conalant depeiiilcrit upon the spi?uil of ihe armalure (given ii 
Table XI). 

TABLE XI 
Value for Constant In Formula for Length of Armature Bearing 



C*F» 


CITI or HtCHIKE 


(m KlLOW.TTB) 


HidH-ar-KKi. Ahk,- 


Lo„..„«.^A,-.- 




Up to 5 


kilowatts 


0.1 






10 




0.1 


0,175 




-,() 




0.I2S 


0.200 




KM) 




0.150 






500 




175 


0.2.W 




" j.mi 




0,200 


0,275 




•' 2,000 




0.22.1 


300 



tosses Due to Friction in the Bearings and to Windage. Tlu-se 
are very JiHiciilt to prtilfliTmine witli trvi-n rcusDnalile accuracy. 
l*esigniTS usually cstmmlc (hem foHn previous experience. For 
i)cU-(Iriven machines raiiKin^ in s|Jee<lH from 1,!SOO r. p. ra. to 'MO 
r. p. m. ami of capacity fn>in IVi lo .'XH) kw., iho.sc lo.sses should rau^- 
from 3 [XT ivnt of tlie output in the suiullcr lujiehincs to 1 per cent 
in tW larger sizes. For ilircct-connceted t^nerators, this Kgun; 
ranges from I per cent tn 0.4 i»er cent of tlie output, dejx-mling ujxin 
the size anil spetil. living lower for inaehines of this typo on account 
of the lowered r. p. m, and the better alignment. 

Calculation of Efficiency. On page 63, efficiency was defined 
as the ratio lietween output and input of the machine. It may 
also be defined as the ratio between the output and tlie output plus 
the losses. These latter come under the following heads, the com- 
putation of each having been considereil in the foregoing pages: 

(1) Copper LosiM. These consist of the sum of the PR Ioseps in tho 
armalure field-coila, and increase as the Hi]Uarc of the current^being, how- 
ever, independent of the speed. 

(2) Iron Lasses. These are made up of the eddy-current and hysteresia 
losses produced in the armature core-platej owing to the changua in tiuK- 
polarity and density to which they are periodically Bubjeclcd. They vary 
elightty with load, on account of the strained distribution produced, and are 
always variable witli the speed, eddy currents varying as the square of the 
■peed, and hysteresis losses as the 1.6th power of Ihe speed. 

(,3) Ezeitaliott Lonsrs. These eonsist of the waits expended as heat 
and utilized tn drive the magnetiiiing current around the magtietizing coils, 
and sr« included in machine PR losses. 
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(4) Commutator Losses. These losses may be subdivided into: 

(a) I-R loss due to brush-contact resistance; 

(b) Brush friction loss. 

(c) Losses through sparking and through eddy currents in the 
commutator bars. 

Of those, a and b are the only ones usually considered, the other being 
practically negligible except in generators furnishing very large currents at 
very low voltages. 

(5) Bearing Friction ami Windage Losses. The former are the losses due 
to the friction of the shaft in the bearings, and depends only upon the load 
and speed. The latter are occasioned by the armature churning the air, and 
are independent of the load, but vary with the speed. 

(G) Secondary Copper and Iron Losses. These have already been con- 
sidered as eddy-current loss in the armature conductors, eddy-current loss in 
the pole-faces, etc. 

The method of calculating each of these losses has been con- 
sidered in detail above, so that we have, 

wo 

J/'U + W'l -f W2 + irs -f- W4^+ WS -\- M?6* 

wherein w^J is the output of the machine in watts, and u\y u\y w^, etc.. 
Represent the losses in watts just enumerated. Representative 
curves of these losses are shown Qn pages 15 and 123; while Table 
XII gives the average efficiencies and apportionment of losses of di- 
rect-driven machines of various sizes. 







TABLE Xll 






Average Efficiencies 


and Apportionment of Losses of Direct-Driven 




COMMKRriAL 


Machines of Various Sizes 








Percentao*! Losses In 




Output or 










Machine 
(in kw.) 


EFFiriKNCY 

(per cent) 


Akmatupe 
C'oi)i)er iron 


Field 
Copper 


Commuta- 
tor, 
Friction &nd 


Friction 

A.ND 
WiNDAOS 






4 3 3.7 




Drop 




1 


SO 


8 


0.6 


3.4 


2 


S2 


4 3.4 




0.57 


3.03 


5 


SA 


3 7 3.1 


6 


0.54 


2.68 


10 


«6 


3.4 2.8 


5 


0.50 


2.30 


20 


88 


3.1 2.5 


4 


0.46 


1.94 


30 


89 . 5 


2.8 2.2 


3.5 


0.42 


1.58 


50 


lU.O 


2 5 1.9 


3.0 


0.39 


1.21 


100 


92 . 


2 2 1.0 


2.75 


0.37 


1.08 


200 


93 . 


1.9 1.4 


2.50 


0.35 


0.85 


300 


93 5 


17 1 . 35 


2.35 


0.33 


0.77 


500 


94.0 


10 1.25 


2.15 


0.31 


0.69 


1,000 


9') 


1.45 1 10 


1 05 


0.29 


0.51 


2,000 


90.0 


1 . 30 1 . 00 


1.10 


0.27 


0.33 



In using this tabic, it must bo borne in mind that the values may vary 
con8iderably,]eveu in machines of the same output but of different speeds and 
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voltages, and under different conditions of working. The figures'given should 
be used merely as a guide in apportioning or checking the losses. 

Calculation of Magnetization Curve and Voltage Drop. — Prede- 
termination of Magnetization Curve, The magnetization curve of 
a d}Tiamo-electrie machine is the cur\^e connecting the ampere-tums 
upon the magnetic circuit, and the useful flux produced by them in 
the armature teeth. Since the number of turns upon the field coils 
is usually constant, and since the no-load terminal voltage of a gen- 
erator is directly proportional to the useful flux entering the teeth of 
the armature, it is more convenient 'to represent the magnetization 
curve by the relation between the field-exciting current in amperes, 
and the no-load terminal voltage. This cur\'e is generally predeter- 
mined bv calculation, and then actuallv tested in the finished machine 
for each new tv'pe, thus checking the correctness of the designer's 
assumptions. The experimental determination is explained later. 
These curves are valuable, not only to show the character of one par- 
ticular machine, but are useful for comparing different ones. For this 
purjwse a standard ratio of the scales on which the curves are based 
should be followed. 

To illustrate the method of constructing the magnetization 
curve of a continuous-current generator, let us consider the case of 
a generator the dimensions and particulars of which arc as follows : 

General: 

Rated load output in kilowatts 150 

Terminal voltage]at rated load 250 

External current, in amperes, at rated loa<l 600 

Armature sjKied, in r. p. m 450 

Number of poles 6 

Armature Dimensions: 

External diameter of core, in inches 33 

Internal " " " " " 18 

Number of slots 124 

Depth of each slot, in inches 1 .625 

Width" '* " *' " 0.400 

Pitch of slot at armature face, in inches 0.840 

Radial depth of iron in core under teeth, in indies 5.875 

Total length of core, in inches 11. 

Iron length of core, in inches 9 . 

Number of conductors 496 

Style of winding parallel 

Bare dimensions of each conductor, in inches 0.7 by 0.11 

Insulated dimensions of each conductor, in inches. . . .0.73 by 0. 14 
Mean length of one armature turn, in inches 66 
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Field-Magnet Data: 

Number of poles • 6 

Diameter of bore, in inches 33 . 625 

Turns per pair of poles 3,602 

Shunt exciting current, in amperes 4.10 

Angle covered by each pole-face, in degrees 43 

Commutator Dimensions: 

Diameter, in inches 21 

Number of segments 248 

Active length, in inches 7.5 

The magnet-coies are of steel, circular in cross-section and bolted 
to the yoke, the pole-shoes being in one piece with the magnet-cores. 
The field frame is cast in two pieces and bolted together. All the 
field-exciting coils are connected in series. The armature slots are 
parallel-sided, of the dimensions stated above. There are two ven- 
tilating apertures in the c»ore, each ? inch wide. The armature wind- 
ing has six circuits in parallel, with six sets of brushes set 60® apart. 

In order to construct the magnetization cur 'e, we have: 

,, 0, X / X r. p. m. , _.- . 

^- 00 XI a' (seepage 62.) 

.|9r>X 450 
^ (>() X w ^ "^ ' 
- 0.00000372 ^^ 

As the leakage coefficient of this machine is v = 1.11 (from Table 
II, page 77), we may construct the following table, since ^m =^^» 
(from page 7()) : 

200 5,370,000 5.960,000 

230 6,170,000 6,850,000 

230 6,980,000 7,750,000 

280 7,510,000 8,350,000 

300 8,050,000 8,940,000 ' 

From the drawings we find : 

Moan length of magnetic path in magnet-yoke, in inches 26 
" " " " i. ** ^^,p magnet-cores, in inches 28 

armature core, in inches 15 
" two teeth, in inches 3 . 25 

" two air-gaps, in inches 0.627 

Magnetic area of yoke, in square inches 44 

" magnet-cores, in square inches 78.5 

" armature body, in square inches 53 

Tho polar angle being 43°, we have, for the number of teeth 
under one pole: 124 x 43° 

360° ^^•^* 



<< n << tt ft 

pnotic aroj 

(t <( 
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Allowing for spreading of Bus in the air-gap owing to high flux- 
density in the teeth, we may take 16 teeth as receiving flux from 
each pole. 

As the pitch of slots at the bottom of the slots is -r^— = 0.754 in., 

and as the slots are 0.4 inch wide, we have as the width of a tooth 
at its root, 0.754 - 0.400 = 0.354 inch. The area of the teeth re- 
ceiving flux from each pole will therefore be : 

16 X 0.354 X 9 = 51 square inches, 
since th* length of iron in the armature parallel to the shaft is 9 inches. 

The air-gap area, taken as the jxjle-face area, is 140 sr|. in. 

This completes the data necessary for computation of the mag- 
netization curve, and it is sufficient here to calculate a few points 
on this curve, as the method is the same for all. 

Considering the machine to generate an e. m. f, of 200, 230, 
260, 2S0, and 300 volts respectively, we obtain from the previous 
table, by the method explained on page 82, the accompanying tabula- 
tion (page 13S). 

As seen from this tabulation, we have: 
E ~ 200, Am[terc-lurns per pair polc.H = 8,715 

fi = 230, '■ = 10,846 

E = 2B0, ■' " = la.nS'i 

E = 280, ' '■ = 1IJ,4!IS 

E = 300. ■' ■' ■' '■ " = 19,095 

By plotting the curve connecting these five points, we obtain 
the working portion of the magnetization curve shown in Fig- 150. 
Tile complete magnetization curve may similarly be computed for 
the full range of the field-exciting current, taking account of the 
residual magnetism of the magnetic circuit; but in the design of 
generators, the working portion is suificicnt. 

It is usual to operate shunt-wound generators upon that portion 
of the magnetization curve just alxtve the so-called bend, while 
cum pound- wound machines are usually designed to operate near the 
bend of the magnetization cun'c. 

Computation of Voltage Drop from Magnetization Curve. At 
any generator load, there are four causes tending to lower the voltage 
at the terminals of the machine — namely, ohmic resistance of the 
armature and series coils (if any), drop due to brush contact demag- 
netizing action of the armature, and distortion of the armature flux. 
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The voltage-drop due to resistance of the armature winding, 
series field-coils, and brush contacts, is: 

« = /a Tft + /« Tm + h Tb, 

omitting the second term if the series winding is absent. Then, in 
the assumed case (Fig. 150), the no-load e. m. f. being 250, repre- 
sented by P on the magnetization curve, the rated-load current being 
600 amperes, and the resistance of the main circuit (including 
brushes, armature winding, and series field-winding) being 0.00893 
ohm, we have: 

e = 0.00893 X 600 = 5.4 volts, 

which, added to 250, shows that the generated e. m. f. at rated 
load would have to be 255.4 volts, without considering armature 
reaction. This is represented by the point O on the saturation curve; 
hence 13,500 ampere- turns are required to generate this e. m. f. 
In other words, at rated load and speed, assuming the terminal 
voltage to remain the same as at no load, we require 13,500 ampere- 
turns upon the field, assuming armature reaction absent. 

As it is often convenient to check the dimensions of an armature 
conductor in a preliminary design by means of this voltage-drop, 
Table XIII is herewith given : 

TABLE XIII 
Voltas:e-Drop as Related to Output In Shunt and Compound Machines 
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With regard to the demagnetizing ampere-turns of the armature, 
we know that in general these are the ampere-turns lying within twice 
the angle of brush lead. Assuming the brushes to be set just under 
the pole-tips at rated load, the demagnetizing ampere-turns will be 
the number of armature conductors lying between adjacent pole- 
comers, multiplied by the current in them. 
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These ampere-tums are multiplied by the leakage coefficient 
(because they have to be neuUulizetl by the field-winding); the result 
is added to Xj, and set off on the diagram as A', (Fig. 150). By 
projecting this up to the curve, the point F is obtained, which eop- 
resjKinds to the necessary e. m. f. 

Example. In the case previously considered, the number of alots lying 
between pole-tipa is, 

and in each slot there are four conductors, each carrying 100 amperes at 
rated load. Hence the demagnetizing ampere-turns of the armature at 
rated load per pole (assuming that the brushes are moved right under the 
pole-lips, and that the leakage coefficient is 1-17), are: 
6.8 X 4 X 100 X 1.17 = 2,715. 
Adding these ampere-turns to A'l, we get A',i = 10,21)0 as the total ampere- 
turns required at rated load, assuming that there is no drop in voltage caused 
by diminished permeability in the teeth at the forward pole-horn due to dis- 
tortion oE the flux. 

With a smoothnDore armature, ihe flux distortion in the air-gap 
does not produce a diminution in the terminal voltage of the machine; 
but with toothed armatures, allowance must 
be made. In Fig. 151, let AB represent the 
width of the pole-face to scale, and EF the 
flux-density in the air-gap Bg. Then the 
area ABCD is proportional to the useful flux 
^a> ind at no-load we may regard this flux 
03 being uniformly distributed along the 
air-gap as indicated by said rectangle, As- 
aumiiig the permeability of the teeth to 
Ije constant, and laying oS AH as the flux- 
density at the hindward pole-hom, and BO 
as the fliLx-density at the forward pole-hom i " i 

(the flux being heaped up in the latter at fib. isi. curve showine Re- 

. , 1 , 1 -.1 I t .1. * \ l'-"li'U between PreMuTUDrop 

rated load, and withdrawn from the former), .md Fim-Disiuriion m Air- 
the line IIFG would represent the fliLK- 

density variation from jwint to point in the air-gap, and the area 
AIIGB would be etjual to the area ABCD, since the permeability of 
the air-gap is constant. But the increasetl flu-x-density at the fur- 
ward pole-hom causes the permeability of die teeth at this point to 
have a much lower value than it has with the flux-density Bg, 
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while, on the other hand, the permeability of the teeth under the 
hindward pole-horn has increased on account of the diminished flux- 
density in them. As a. result, the line HFG takes the bent form 
shown by the curve KFL, and the shape of this curve is the same as 
thai of the magnetization curve over this range. As can readily be 
seen from the figure, the area AKL^ is considerably less than the 
area AHGB; that is, there is a diminution of the useful flux ^a> and 
consequently a corresponding voltage drop, which will as a rule be 
greater, the higher the flux-density in the teeth. 

One way to estimate the number of ampere-turns needed to com- 
pensate the ef- 
fect produced by 
the dbtortion of 
the useful flux, is 
as follows: 

In Fig. 152, 
letOL be the mag- 
netization curve of 
the machine, the 
ampere-turns re- 
quired for no-load , 
and those for 
rated-load in- 
duced e. m. f . at no 
load (and, there- 
fore, without the extra allowance for distortion) being setoff upon its 
scale of abscissae OX, as A^j and X^y respectively, these having been 
estimated as shown in Fig. 150. Now, upon OX, mark off OA and 
OB as shown in the figure. The point A then represents the hind- 
ward pole-honi,and the point B the forward pole-horn. Had the 
distortion been absent, the ampere-turns required to produce E^ 
volts would have produced a flux across the gap proportional to the 
area of the piece ABCD. But, as the distortion is present, the flux 
is proportional to the smaller area ABLK. Hence, we shift the 
point F higher up the curve to a point such as F', so that the area 
A'B'L'K' equals the area ABCD, This gives a new point X^ along 
OA", representing the rated-load ampere-turns required. Conse- 
quently, for a compound-wound machine, the series ampeie-tums 




Ampfcrg Tu rns p cr 
Pa IT of Poles 



VK^ 



ZP^ 
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Pig. 152, Calculating Arapore-Turns "Required to Compensate 
for Distortion of Useful Field. 
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inust he X, — X^, and the shunt ampere-tums X^, in order that the 
tenninal volts may be OV at rated load. If the machine is shunt- 
wound, the resistance of the shunt rheostat must be capable of re- 
ducing -Y, ampere-tums to A', amperc-tums. And if there are to 
be neither series turns nor shunt regulator, the drop from rated load 
to no load would be OK, — OV at constant speetl.- 

Appljinff this reasoning to the machine under eonsideratioD, 
we have, for the ampere-tums under one pair of poles: 

The Bret factor being the slots under each pole, the second the 
number of inductors per slot, and the third the current ]>er in- 
ductor, we set off. therefore, (),r»(X) ampere-tums on each side of 
llie point A', (Fig. ITiO), and obtain thus the points A and B, 
which represent the hindward and forwani pole-horns respectively. 
If (he distortion of the main flux were absent, ihe area of the rectan- 
gle AliCD would be proportional to it. But as this is not so, it is 
pniportional to the smaller area ABLK. In onler to make tliis latter 
area equal to that of the rectangle, we must shift the point /^higher 
up on the curve to the position F', so that area A'B'L'K' = area 
ABCD. In this manner we obtain the point -Y, as the necessary 
amj»ere-tums at rated load. Its value is: A', = 16,.SO0. 

The method just discussed for predetermining the series (com- 
pound) winding needed to give constant terminal e. m. f. at all 
loads Ijctween .zero and rated load, may easily be extended to the 
disc of over-compounding, by adding to the calculated voltage- 
drop in tile machine the re<|uired increase in terminal voltage. 

Tliis method, altliough one of the most satisfactory, does not 
permit of great accuracy; but fortunately this is not important. By 
designing the shunt regulator liberally, and by placing a shunt across 
the series field-coils, the desired result may be reached by trial. This 
is in fact the practice of almost all dyramo builders. 

Tlie possible discrepancies between calculations thus made und 
results of actual test, are shown by the following values of the ampere- 
tums required at no-load and at rated load, as determined by the 
manufacIunTS of the machine we have l>een discussing: 
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The difference was caused, no doubt, by the fact that better qualn 
of iron was used in the machine than tliat for which the ampere-lUB( 
were computed. 



EXPERIMENTAL DETERMINATION OF CHAR 
ACTERISTIC CURVES OF CONTINUOUS- 
CURRENT GENERATORS 

Dr. John Hopkinson, in 1879, first suggested that the behavi 
of a generator could best be studied from a curve representing 1 
relation between the e, m. f. and current of the machine at differe 
loads. In 18S1, M. Mured Deprez elaborated Hopkinson 's metl: 
and gave the name of characteristics to these curves. 

At present the characteristics most commonly developed are: 
(1) Magneli.ation 

(2] External charuc- 
teristic. 

(3) Curve of flux dis- 
tribution (i^zpUi 
pbge 30). 

Experiment 

Magnetization ( 
The method of pre 
termining the magi 
ization curve of ; 
continuoua-cun 
generator was 
plainetl on pagi' 
The ma^etiziition curve of a dynamo, however, can be determini 
experimentally by driving it at rated speed, and observing the vol i 
at the terminals for different values of the current sent through 
field-winding from some outside source. Figs. ISii and 151 
typical magnetization cun-es of a 30-kw. generator; Fig. 153 s 
tlie magnetization curve of the macliine when its field is wound 
many turns of fine wire (t.^., a shunt dynamo); and Fig. 154 e 
the magnetization curve of the same machine when its field b woi 
with a few turns of coarse wire (i.e., a series dynamo). 

Dependence of the Magturtvtalion Curve upon Spwd. WhcD 
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magnetization cune of a dynamo has been determined for a given 
speed (n), the curve for any other speed (?i') can be found by multiply- 
1 ing the ordinates of the given curve byn'-^n. This isevident when 
1 we consider that the flux <t>a has a definite value for each value o 
1 field currcnt.so that the generated e. m.f is proportional to the speed 
r Effect of fle- 
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si dual MagnelUm. 
WTiL-n the field-ex- "" 
citing current of a ™ 
generator is zero, ,^ 
the flux in the arm- 
ature is in general 
7M)/ zero, on account •" 
of residual magnet- ^ „ 
ism. This effect is ■^ 
indicated in Figs. % 
153 to 155, for it | "" 
is seen here that «, 
when the field-ex- 
citing current is 
zero, the generated « 
e. m. f. has a defi- ,„ 
nite value. 
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pulsations of armature and field currents, cause the flux to settle 
to a normal value. 

External and Other Characteristic Curves. The external char- 
acteristic curve of any dynamo-electric machine is a cur\'e repre- 
senting the relation between the terminal voltage of the machine 
and the external load in amperes. Besides the external characteristic 
curve, the total characteristic curve, and the ampere-ohm character- 
istic curve are sometimes considered. The former represents graph- 
ically the relation between the generated e. m. f. of the machine and 
the armature current, while the latter shows the relation between out- 
put of the machine in amperes and resistance of the external circuit. 

Inasmuch as the characteris- 
tic curves of the series, shunt, and 
compound generators differ marked- 
ly from one another, those pertain- 
ing to each type will be considered 
separately. 

Characteristic Curves of Mag- 
neto and Separately-Excited Ma- 
chines. In the magneto machine, 
the permanent magnetism of the 
steel may be considered approxi- 
mately constant, and the same con- 
dition would obtain in a separately- 
50 excited machine if the field-current 
were kept constant. Owing, how- 
ever, to the reactions of the arma- 
ture when the current flows therein, the useful flux and terminal 
voltage are decreased. In Fig. 15() are given the results of tests upon 
a separately-excited dynamo. The line E represents the generatetl 
e. HI. f. of the machine when o|x*rdted on open circuit at rated speed 
and field-current. The line V shows the terminal voltage which 
would l)e obtained if armature reactions were absent, and only arma- 
ture and brush drop were in evidence. The curved line B represents 
the actually observed values of the terminal voltage when different 
cnrnMits were drawn from the machine. The pnmounced droop at 
the lower end of the latter curve is probably due to the greater de- 
niagnetizing effect when there is a considerable lead at the brushes. 
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eparately-Exclted Dynamo. 
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The characteristic shows such a downward curvature more definitely 
when the field-magnets are weakly excited. 

Characteristic Curves of S^e»-Wound Machines. The char- 
acteristic curve of a series generator may be determined experimentally 
by driving the machine at constant speed, and obser\-ing correspond- 
ing values of current output and 
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terminal voltage for different re- 
sistances in the external circuit. 
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n or Residual Maenfllsm oo 

Exfemal Characteristic Curve. Fig. 157 represents the external 
characteristic cun-es of an "A" Gramme machine, series-wound, at 
two different armature speeds. As is seen from the siiape of the 
curves, thee. m.f. increases at first with the current, due to the 
increase in magnetization of the field-magnets. As the parts of the 
magnetic circuit, with increase of load, approacli saturation, the re- 
actions of the armature and IR drops become of relatively greater 
importance ; the result is that the cune flattens out and finally bends 
downward. 

TiAal Characteriatic Curie. T!ie t<Hitl characteristic curve 
shown in Fig. ISS was pIottf<l from the cxtrniid cliariicteristic in the 
following manner: Knowing ihitt, 

E*-y + (r. + r:: + r^)'. = v + Rh, 

•F(«a8a. 
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and since the armature and external currents of this type of generator 
are equal, we plot the values of l^R for various values of l^, obtain- 
ing the straight line OB in the figure. Adding to each ordinate of 
the external characteristic curve, the corresponding value of the /,R 
drop thus found, we obtain the total or internal characteristic as 
shown. 

The effect of residual magnetism upon the external and 1 
characteristic cunes of a series-wound generator causes the i 
to intersect the axis of volts above tlie origin, as indicated in Fig. 
158; that ia, at zero external current, and hence zero field-exciting 
current, an e. m. f. is generated in the armature of small value, 
as already explained. Thus a series generator is self-starting. 

Relation between Mayn^tizatlon Curve and Total Character 
Curve of a Series-Wound Generator. If it were not for the dei 
netizing action of tlie armature current on the field, the total chl 
acteristic curve of a series-wound generator would be almost tdesi 
cal with the magnetization curve. The effect of the armature ( 
rent is, however, cither to reduce inducing flux and therefore ( 
generated voltage which corresponds to a given ficld-exciting cun 
or to necessitate an increased field-exciting current to give the i 
quisite terminal voltage. 

Dependence of ike Ckaracleristic Curve on Speed. Since the 8 
has a definite value for a given value of current output of a seriei*- 
wound generator, and tlierefore independent of die s|>eed, die gen- 
erated voltage is proportional to the speed for a given value of tj 
output current. The external characteristic cur\"e correspond) 
to the speed n' may in consequence be derived from the exteifl 
characteristic curve corresponding to the speed h, as follows: 
lit to each ordinate of the given characteristic, Oius finding the t 
characteristic for the same speed n.* Then multiply the onlini 
of this characteristic curve by n'-i-n, tlius finding the total chanicd 
istic curve for the speed n'. Subtract IR from each ordinate of if 
cur\'c, thus obtaining the external characteristic curve for tlie spccdl 

Droopinij of the Extremal Ckaracferiilic Cnrir. It would a 
as though the useful flux entering Uie armature teetli of a ; 
wound generator should increase more and more with the cun 
output of the machine. As a matter of fact, the effect of n 

•ii = Initial BpBeil: n' s FlD&lipeed. 
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leakage around th?. annature caused by the reactions of the ar- 
mature current, is to cause this useful flux actually to decrease in 
value when the current output is excessive, especially if the iron in the 
field-circuit l>ecomes saturated before that in the armature circuit. 
This decrease in the useful flux entering the annature means an 
actual decrease in the generated e. m. f. ; and of course the terminal 
voltage falls off, though more than that generated on account of 
IJX drop, as shown in Figs. 157, loS, and 159. 

Fig. 159 allows the external characteristic curve (full line), and 
total characteristic curve (dotted line), of a Wood arc-Uglit, series- 
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wound generator, with its giiveming device for maintaining a current 
of nine amperes disconnected (as indicated by the broken line p/). 

Characteristic Curves of Shunt-Wound Generators. The exter- 
nal characteristic cune of the shunt-wnimd generator is determined 
experimentally by running the machine at rated speed and noting 
the terminal voltage for various values of the external current. 

Ejriemal and Total Charaderislic Curves. The full line in Fig. 
IGO represents the external characteristic cur^'e of a typical shunt- 
wound generator, the portion cc being that part upon which maclihics 
of this type are usually operated. 

The total or internal characteristic ciin-e is shown by the broken 
line in the same figure, and is calculated from the external character- 
istic cun'e as follows: Consider a point upon the external cha> 
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acteristic curve. The corresponding point upon the total charac- 
teristic curve is found by increasing the abscissa by the vahie of the 
shunt current so as to obtain the armature current, and by aildinj; 
to the ordinate the voltage-drop in the annature and brush contacts 
to get the generated e, m. f. 

These are seen to differ radically from the corresponding cuncs 
of the series-wound machine. The figure shows that the curves 
begin at a point where the terminal and generated volts are maximum. 
and descend slightly at first and then rapidly, finally returning in the 
direction of the origin, but cutting the axis of abscissie before reaching 
it. The straight portion of the cune, after the bend, represents the 
unstable state when the shunt current is less than its true critical 
value. The slope of the line which constitutes the latter portion of 
this characteristic, represents for this particular speed, that external 
resistance below which the magnets lose their magnetism at once. 

Tile effect of residual magnetism upon 
,2 the external chLinic tens tic curveof a shunt- 
wound machine is to cause it to intersect 
10 the ampere-axis to the right of the origin, 
o as indicated in Fig. 160. 
aa Voltage-Speed Characteristic Curve of 
Shimt Generator at No-Load. The Pela- 
°6 tion between the speed of a shunt gener- 
ator and its voltage is much more compti- 
°* cated than in the case of the separately 
excited or series-wound machines, since a 
' higher speed increases the generated e. m. 
f. it thus causes a greater exciting cur- 
rent to flow in the field -windings, resulting 
^uufliOMiwiiim.'" '" " ^*'" higher value of machine voltage 

until practical saturation is reached. We 
may construct the curve showing this relation from the iiiagnet- 
izution cun'e of tlie machine, as follows: Let 0^1, Fig, ICI, Iw 
the magnetisation curve of a shunt-wound machine at a speed n. 
Draw the straight Une OB, of which the abscissa- represent values 
of the shunt field-exciting current Igh, and tlie onlinates rejiresent 
values of the voltage r.ij/g,, reijuired to produce the corre.iponding 
valuer of l^. The co-ordinates of the point of mlcracctiun ufO.I 
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and OB will then represent the values of E, which is practically equal 
to V at no load, and to 7^1, when the machine is driven at speed n. 

Draw the line CD perpeTidicular to the axis of abscissjc, and 
draw the UneOP through P until it intersects this vertical line. making 
PQ = E. The point of intersection of OP and CD then rei)resent3 
the value of fgh at the speed n. Now lay off on CD a scale of values 
of Tgt,, taking the actual value of r^b at speed n as unity. 

Now suppose it is required to find the value of E for a speed n' 
— n-i- 1.2. As a first step, imagine that the value of fHii is increased 
from unity to 1.2, the speed meanwhile remaining constant. Under 
these conditions, we have E'=Q'P'. 
Now imagine this increased value of 
Tsh, and the original speed n, to Ix" 
both decreased in the ratio 1,2:1. 
This would bring rgi, back to its orig- 
inal value, and would reduce the vulue 
of A" (i.e. Q'P') in the ratio 1.2;1. 
Theri'fore the rc(]uircd value of the gen- 
erated e.m. f. at speed n' is {1 -5-1.2] Q7". 

Fig. 102 shows a typical voltage- 
speed characteristic curve of a shunt 
generator at zero load. If it were not for the effect of residual 
magnetism, this curve would cut the speed axis at S, The speed 
corresponding to S is called the critical speed of the given shunt- 
wound generator; and when the speed is less than this value, it 
cannot build up at all. 

The critical speed may be obtained from Fig. 161 by extending 
the line tangent to 0.1 atO (i.e.,OB'), until it intersects Ci> produced, 
at ap<nnt which Is equal ton-^n"; whence n"is the critical s|xvd. 

Riiation belurm M af/ndization Curve and Total CkaTacterinlic 
CuTxie oj a Hhunt-Wound OejtcratOT. I>et us assume 0.1 as the mag- 
netization cur\'e of the machine in Fig. 163, the ordtnatcs of the 
straight line OB representing the values ot V = fgh /ah- Consider 
any given point P on OB. The abscissa OS is the shunt field- 
cxdting current /,hi and the ordinate SP is V. It remains to find 
llin point P' on the total characteristic cunc corresponding to P. 

Ixrt /( in.- the number of turns of win- in the shunt fielil-winding. 
and let d be Uie number of demagnetizing turns oo the armature, 



Volls 


/ 




/s Speed 


Fly. IBS. 


I Zi:ro Current Output. 



152 



DYNAMO- ELECTRIC MACHINERY 



through each of which the entire armature current may be considered 
as flowing. Then the resultant field-excitatiM is (n/gh — ''^m)* 
ampere-tumg, which may be written n (/gh — ^a4 -^ ")- It follows, 
then, that the ac- 

M I yU 



VOUS 




Amperes I. 



tual resultant field- 
excitation and the 
actual value of E 
are such as would 
be produced by a 
field-exciting cur- 
rent equal to /^ 
— I^d -r- n acting 
alone; that is, the 
distance Q P* is 
equal to/^rf ~n,P' 
a. Rbunt being the unknown 
pomt on the mag- 
netization curve corresponding to P Furthermore, the ordinate of 
P" is, of course, E, so that the distance QP is equal to £ — K = 

fg/a. Now, as Zftis as yet 

unknown, but since we have 
PQ = r^ h, and QP" = 
Igji -i- n, it is evident that 
the direction of PP" is in- 
dependent of /a- In fact, 
the direction of PP" may be 
once for all determined by 
laying off PM = t^J^ and 
MN = I^d -T- n for any ar- 
bitraiy value of 7a. The 
line PN then fixes the di- 
rection of PP", and the 
point P* is found at the in- 
tersection of PN and OA, 
as indicated. 

Having thus determined the point P", the point P' on the total 
characteristic curve which corresponds to the chosen point P, lies 
•Tbevalue of dlB equal lO|=^ X -—, iTberote is the ftogle ot bmab lead. 





_ 








LiU 


^ 


__ 


-f- 




^ 
















































.. 




























\ 
















































































' 


3 






































































/ 
























y 
























y' 












































fl.m 


P!^ 


■ff. 









































DYNAMO-ELECTRIC MACHINERY 153 

on a horizontal line drawn through P^^ and the abscissa of P' is 
detennined by the condition that the corresponding ordinate of 
SC shall be equal to PQ ( = ra /a). The point P' thus determined is 
most easily located by drawing a line through P parallel to SC. 
Such a line will intersect the horizontal line through P" at the desired 
point P'. 

Characteristic Curves of Compound-Wound Generators. The 
compound-wound generator has heretofore been treated as a shunt 
dynamo to which series turns have been added to compensate for the 
internal drop, and to raise the terminal voltage with load if desired. 
Consequently there is no need now to discuss this type of generator 
minutely. 

Fig. 164 shows the external and total characteristic curves of a 
typical over-compound-wound generator, the terminal voltage of 
which rises with increase of current up to and beyond rated load. 
The dotted portion of the curve shows the rapid fall of terminal 
voltage as the load is still further increased, resulting from the great 
demagnetizing action of the current in the armature and from the 
decrease of that part of the field-excitation which is due to the shunt 
field-exciting current. 

The computation of the number of series turns has been pre- 
viously given, so that nothing further remains to be considered. 
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I'ART III 



CONSTRUCTION OF CONTINUOUS-CURRENT 
GENERATORS 



till II cms -current gencmtors 
ill group the (k-tails uiuIlt 



In considering the various piirf.s of ro 
from a constructive point of view, we sli 
(he following heads: 

(1) Construction of the Framp. 

(2} Construction of the Armature. 

(3) Commutator and Brush Conatruelion, 

(i) Construction ot the Mechanical Part; 



CONSTRUCTION OF THE FRAME 
The frame of continuous-current macliines is usually composed 
of the viagnd-yokc or rini/, the fit^U-poles and their projections, and the 
field-^'indhiij. 

Magnet-Yoke. We have seen that the ring type of magnet- 
frame is now generally used. It is made either of cast iron or cast 
steel in continuous-current machines, and in section takes one of the 
shapes of Fig, 165, the poles projecting inwardly, .-l, B, and C are 
suited to cast-iron ; while D, E, and F are of cast-steel construction. 
The first two are simple types which need no explanation. C is 
employed by the Crockcr-\\'heeler Company, the flange on either 
side serving to stiffen the ring and to protect the field coils, D is 
used by the Oerlikon Company, and E by the General Electric 
Company, both designed to secure stiffness. 

The choice between cast steel and cast iron for the yoke, depends 
upon the purpose for which the machine is intended and the ideas of 
the designer. The advocates of cast iron claim that by its use the 
machine b made heavier in the stationary part, and thus better 
enabled to withstand any tendency to vibrate. The other side claim 
that great weight is unnecessary. 
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The magiiet-ring In al) but the smallest machines is split in two 
along its horizontal diameter, or sometimes along its vertical diameter, 
to facilitate erection, inspection, and repair with respect to the arma- 
ture. The two parts arc usually held together by bolts at the side. 



K^ 



^k^ 



^ 




Flu. 1S5. Various Stetlooa ol MftgaBl-YotniB. 

bock, or interior of the ring, as indicated in Fig. 100 (a, h, r). One 
or more ring-bolts arc also placed at the top or on each side of the 
upper half in order to make handling easy. 

Field=Poles and Projections. Tlie field-poles are generally 
made of wrought iron, sheet steel, or cast sled. The magnetic 
properties ot these materials are given in Fig, 112. Wmught iron 
and cast steel have approximately equal permeabilities at about 
95,000 lines per square inch, below which the former is a little superior. 
The objection to the use of wrought iron, however, is the diHicuIty 
of making it in the forms required. This may be partly avoided by 
using simple forms such as a plain cylinder, which can cosily be made 
by forging or by cutting off lengths from round bars. 

Tlie cheapening and developing of the process of casting "mild" 
steel (soft steel), with a very small iimoimi of carlmn, has it'sultwl in 
the general adoption of this material for tield-ma^ets. It combines 



high jRniic:il>ilily. flicji|iin- 
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i'lh. iimi (lie iilnlilv tn l>f cast i 




Fig. IKa. MiigDtfl-YoUe irltb Fiuris Botled TuKVlber HI Bavti aui] fVuul oE RliiK. 



any reasonable form. It is certainly not economical to use cast iron 
for the cores uf the ficliUriiiigiii-ts, since it requires from 2 to 2,5 times 




Fig. Iflflft, MiisnctViike with Piirts Riilli-.i T^ig^ibi 

the cross-section of wrought iron or stcvl for the samp reluetanoe. 
With a circular crosa-section, this ileraands about 1.5 tinits the length 
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of wire for a given number of ampere-tums ; and the necessary weight 
of cast iron being 2 or 2.5 times greater, mukes it not only clumsy 
but more expensive. For pole-pieces, yokes, field-rings, bases, or 
other parts not wound with wire, the extra circumference is not so 

objectionable. Of- 
ten the increasiil 
weight is positive- 
lyndvantageousin 
giving greater sta- 
bility, so that cast 
iron is still used 
to some extent in 
these parts. 

In joining cast 
iron to wrought 
iron or steel, it is 
liardlysufRcientto 
butt the two to- 
gether, as indi- 
cated in Fig. 10^. 
iKtausc Iho p<TmeabiIity of a given arru of eii.st iron is only alx>ut 
one-half as great as that of an et|ua! area of either of these other 
materials, Hem*, in order to wrure ihe projKT surface of contact, 
the pieces of steel or wmughtinm should beimlietldcil in tlie east iron 
by placing tlie former in llie mould when the ciisting is made, or Ibe 
cast iron may be bored out to receive the ends of ihe cores. .Tohit.'i 
in the magnetic circuit are not desimble, Ix-oausc they involve work 
in fitting, and may cause li>oseness or weakness— usually avuiilable, 
however, with good workmanship. On the other hand, the common 
idea tliat they introduce great reluctance is not true, for we have seen 
on page 12, that an ordinary joint is equivident to an air-gap of about 
0.(X)2 Inch, which is [Practically insignitican(,uml doc.^ not warmnt the 
making of eomplicutitl ea.stings or forgings to avoid one or two joints 
in the magnetic circuit, except to simplify mechanical construction. 
The length of the cores required for a given field-magnet depends 
simply uiwn die amount of field-winding. The turns needed are 
compiitwl as dcwrilKJ on pages 77-86, and the sixe of win- fmm 
paj^s Sr>-7. It is sullicicnt to make die core long enough to 
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receive these turns properly, and expose sufficient surface to d 
the heat generated by the field-current, to prevent excessive tem- 
perature-rise, as indicated on page 91. 

The area of cross-section of the field-cores is determined by 
the total flux to be carried. A density of 13,000 to 16,000 lines per 
si|uare centimeter (80,000 to 100,000 lines per square inch) is about 
the value for cast steel or wrought iron. The section is either rec- 
tangular or circular, the latter being preferable on account of ease 
of winding coils for this shape, and because a circle has the least 
circumference for :i givi-n iirvii, thus re(]uiring less wire. The rec- 




tangular shape is used where the pole-core is laminated ; and with the 
same area as one of circular cross-section, it has more radiating sur- 
face, altliough more wire is rec]uired for each turn. 

The fiekl-cores are attached to the yoke in several ways. The 
simplest metho<l is to cast them as one piece or to bolt them together 
as indicated in D, E and F of Fig. 105, Another metlMxl is to place 
the con's of cast steel in the mould when casting the ring of east iron, 
.'rometlmes, for large machines, only a portion of the cores is cast 
with the yoke, the rest bcinf; attached to the pole-pieces or shoes 
after mounting the field-coils. The two portions are tlien held 
together by i>olts passing through the pole-shoe. 
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Most oontiiiuDUs-current machines an.- di^igned with an ex- 
tended pole-|jifCf or siioe which covers a greulor surface llmn would 
tlie mere end of the field-core. Great attention has been paid to the 
special shaping of these polar extensions, as noliil on page o4, and 
in most cases they are constructed sepa- 
rately and attached to the cores while 
assembling the machine. If the core b 
laminated, the pole-piece forms a part of 
the kminte, as shown in Fig. Ifi?; while, 
if the core is partly cast with the ring, and 
till- remainder boiled to it, as stated 
al«ive, tlic shoe forms a portion of this 
addition. 

Aji extendwl [Kile-piece reduc-es the re- 
luctance of the air-gap, and the ampere- 
Ftg.iw, Shap«oM«aumpiDB., tums needed in the ficld-winding. On the 
other hand it is well to have the jxile-shoe itself well saturated. Hence, 
to fulfil both conditions, cither it ought to be made of a less permeable 
material than the pole-core (if the latter is cast steel or wrought iron, 
the [wle-shoe may be of cast iron) , or, if made of stampings of wrough I 
iron or mild steel, it should be so designed that its c<lges at least 
will be well saturated. This 
can be accomplished as in- 
dicated in Fig. lOS — that is, 
by omitting every other lam- 
ina in the iwle-piece. 

Field-Winding. Coils for 
field-magnets may be classi- 
fied as (u) boliliin-wound, and 
(b) forjii-VHiimd. With re- 
spect to those wound on Ixibbins, no special instnictions neetl In- 
given, except for fixing and bringing out the ends, die insulation, etc. 
Rectangular conductors, while preferable where the cross-section of 
the wire is largi- and the radial depth of winduig is considerable, 
cannot always be used, l^ecnuse special facilities are involved. Where 
idgc-slrip winding is po.ssible, its use is generally ailvj.sable. 

Field-Magnet Bohlihin. Tliese are made variously of hmss 
with brass flanges, of sheet iron with braas Hanges, of very thin caat 
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iron, or sometimes of vulcanized filjcr. Some makers use sheet metal 
with a flange of some hardwood, such as teak, cxampk's of which, 
as well as of other common de- 
signs, are shown in Figs, ITill, 170, 
171, and 172. Care must be 
taken to line the Ixtbliins with 
adequate insulating materials, 
such as layers of oiled silk or 
muslin, vulcanized fibre, or var- 
nished mill-board. Great atten- 
tion must also be paid to the 
manner of bringing out and se- 
curing the inner end of the coil. 
If a bobbin is simply put upon a 
lathe to be wound, the inner end 
of the wire, which must be prop- 
erly secured, requires to be 
brought out in such a way that 
it cannot possibly make a short- 
circuit with any of the upper layers 
of winding which obviates this difficulty is to wind the coil in I'vo 
separate halves, the inner ends of which are united, so that Ix>th ter- 




"YieM-CMs. 

i, as it crosses them. 



A method 





minalsof the coil come to the outside. Fig. 173 shows such a lxil>- 
bin, this method having also Iwcn used in the manufacture of in- 
duction-coil sti-ondaries, for which it is desirable to keep the ends 
' ;; primary e 



Again, the winding may be piled up coni 



lieally. 



I Fig. 174. 
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Fig. ITS. Bobbin wHIi BoLb Hof 



without any end-flanges, thus avoiding some of the risks nf br 
down, and bringing both free ends to the outside. In windnif^ ooppi 
strip for some continuous-curre 
machines, a simitar plan has lie 
ndopted. thf union of the two stri 
iieing effctlcd at tlio interior of t 
coil, as indicali-d in Fig. 175. 
still another type of eontiuuoiui-ciq 
rent generator, the field-fores, whiq 
are removable, are ihemselvesshapi 
to serve as bobbins, and, after Widl 
covpnil with a protet-ting layer q 
insulating material, are wound i 
a lathe, as illustrated in Fig. 176. 

Form-wound coils are made upon a block of wood op a bra 
frame, to which temporary flanges are secured to hold the i 
together during 
winding. Such coils 
have pieces of strong 
ta|>e wound in be- 
tween the layers and 
lapped at intervals 
so as to bind them 
together. The com- 
pleted coil is then 
served with two or 
more layers of tape, 
each separately soak- 
ed in insulating var- 
nish. Tlie whole coil 
is soaked in an in- 
sulating varnish and 
then baked in an 
oven, current being 
simnltaneou.sly sent 
through the wire to insure interior drying. Figs. 177, 178, and IT!I 
illustmte form-wound coils; while Figs. 171, li'i.aiid ISO reprewnt 
bobbin-wound types. 




Urowu-S Pllnl Hliih V.>]|«ue Coll. 
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Brining 
comiDon means for brining 
strip, laid behind an end- 
sheet of insulating ma- 
terial, makes connection 
to the inner end, as 
shown in the upper jmrt 
ot the figure; while an- 
other strip, shown simi- 
iariy inlaid in the under 
purl, serves as a mechan- 
ical as well as electrical 



Fixing 




attachment for theoutcr vie-m. w,iuHdPoie.<;<,rt,(Aii<.ih). 




the last thrw or four turns of whicli are bared i 
penounent joint being obtained by soldering. 



end of the winding. 
Another method, 
shown in Fig. 182. 
also greatly re- 
duces the danger 
of breaking the 
connection to the 
interior of the coil. 
Fig. 183 illustrates 
a simple device for 
.securing the outer 
end by means of 
a terminal piece 
laid upon the coil, 
d wound over it, a 
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Inavlation of Ftfid-Magnet CoiU. It is not necessan' to use 

any mica for tl)€ insulation of ficli)-inu^<>( bobbins, sfvcni! Uiit-k- 

nesses of pajxr preparations being more oflen used. One-tentli im-b 

or more thickni'ss, if compnswl <if 

— Jtm^^^ ^evtral superpomil layers, is gcniT- 

1^^^^ J^B jilly tulctjuatf. Vumishol fanviis 

^^^^^H| I ifi nseful tut an iinili-rluy, Ami pn-?i.i- 

^^^H^f spabn or \'ulcaniztxl fibre for lining 

tlif fianfi^s. It is also importanl 

to protect the joint between the 

111 the end flanges. 

Ih wbicli tilt- ciimpleteil toil is 




Fig. ISO. Dobljln- Wound Coll. 



cylindrical pari of tlic Ijoblnn 

Tbc lagging of varnished conl 
usually covered, acts as a mr- 
chanical pnitcction; hut thi.s is 
not altoKcthpr a benefit, sinn- 
it retards the dis,siiiation of 
heat.- 

AUachment of MtignelX'oih. 
The ordinary mode of supporting 
the field-coils is by means of thi' 
pole-.shoe, which is usually renrnv- 
able fnim the con-. If not so jn- 
ranged, the core and shoe to- 
ilvthfT are made removable. Snnjc 
machines are not prnvidod with 
|xile-shoes, in which cases otlier 
means must be supplied to support 
the maKnet-cdils. One metliixl 
consists in screwing side bnickets 
to the end of the core. Another 
way, itlustrutcd in Tig. 1S4, is to 
provide triangular blocks of lianl- 
woofl, which lie in the space lie- 
tween the tips of two adjacent 
poles and are sccure-d to the ring 
by bolts. Fig. 185 shows still aii- 
orher .sclieinf for anehoring the 
(ield-coils. 
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CONSTRUCTION OF THE ARMATURE 

Core-Bodies. The cores of armatures are universally made of 
laminae — tliin discs — of wrought inm or mild steel. These discs are 
stamped out of 

sheet metal, and O^ 

range from 0.014 
inch to 0.025 inch 
in thickness, the 
former thickness 
being that often 
used at the pres- 
ent time. Core- 
discs up to about 
30 inches in diam- 
eter are punched 
in one piece; while 
larger diameters are stamped out in sections (Fig. 180), and the 
core built up as indicated in Fig. 187, alternating the joints. These 
stampings are now so accurately made, that, after assembling the 

discs into a core, the slots 
need not be milled out 
as was formerly neces- 
sary. Milling is most ob- 
jectionable, l>ecause it 
burrs over the edges of the discs and defeats the purpose of lamination 
by connecting adjacent discs and facilitating the flow of eddy 
currents. For the same reason, turning, after assembling, also tends 




Fig. 182 Ganzs Method of Bringing Out Ends of Coils. 




11 



Fig. 183. Coil Terminal Piece. 





Fig. 181. Method of Anchoring Coils. 



Fig. 185. Another Method of Sup- 
liorting Coils. 



to increase the iron Icxsses. Hence, if it is found that the fxTiphery 
of the core-body is irregular, it should 1h» (fromid tme. 

The core-discs ixw insulated from each other either by a thin 
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coating of iron oxide on the discs, a thin coating of water-glass eniimcl 
applied to tlie sides of the discs by a. machine, or a thin coatingof 
japan vamish similarly applied. Sometimes shellac or paper is used 
for insulating these lamintc; but on account of the greutt-r ex[>eiise 
and the fact that the efficiency is only slightly bettered, the latter 

areapplieit only ill 
sjteeial tU'*'-*. 

Shapes of Anii- 
ature Teeth. A 
(.■ommnn fnnn i»f 
iinnalua- ti><)th is 
llial dcpicU-d in 
FiK- IW, -Wing 
slightly nnrruwer 
at the rttot (han 
at the top, tile re- 
sulting slot having parallel sides. Fig. 189 illustrates a form in which 
the tops are slightly extemied to give a larger magnetic un-a at the 
lop, thus decreasing the reluctance of (he air-gap, and helping lo 
relain llie conductors in the slota by the insertion of a wwlgc of 
wihmI. The hitter object is uttaim-d by notching the tirtli lis in 




aaJ VeulIluilUb- Si-)!tut^iil^, Si^iuiiifJ 




liillt of ScgiDi 



llieili wlib fiinllnl Sluu. 



i-'ig. !!<(), in case it is not desinible to increase the area of the top of 
the t.H.th. 

End Corc*Plates. It is usual to pltue at the ends of the cun-, 
plates of sheet inn <if a gn>ater thickne^ts than the lainiiur.iio as to 
support anil protect the laller. They arc usually (t.l2;> incli (hick, 
and sninelinies riblxxl lo give adde<l stiffness. 

Binding-Wire Channels. In machines u,siiig binding; win-s 
to hold (he armature conductors ill the slots, it isusiiid to stamp .tonic 
of the eore-<li.'ics of slightly reduced diameter so that the binding 



wires may Ik.' flush with the surface of the armatuiv. Thf reduction 
b seldom more than i incii on the <li!imeler, givinff a channel not over 
ij inch deep. The width is determined hy the numlxr and si/* of the 
binding wires (see page 131). 

Mounting of Core-Discs. Some inwlnniie;d iiuans must Ixr 
providei) to hold Ihe eore-iiiMcs logelhir, and lu cimiK-ct diera rigidly 




to thcshuft. The methods may Ix- broadi) divided into two classes, 
i]e[>eiidiiig on whether llie discs are kejed directly to the shaft, or 
to some auxiliary support attached to th(. shaft 

In the case of small cores not exceeding 15 inches in diameter, 
the cortMliscs take cither of the forms shown in Figs. 191 and V.t'2, 
tlie lalttr Ix'in^ prrfrroble on account of increased ventilation. The.se 
lamina- arc simply keywl to the shaft, l»eing held together under 




heavy pres.sure by end-plates of cast stec! or cast iron, which are in 
liini prcs.sed inward either by nuts fitting in threads upon the shaft, 
nr by bolts pas-sing through but insulated from the armature discs 
and end-plales. 

I.iai;ge cores in which the discs are ma<le in sections, or for which 
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the material of the core near the shaft is not required, are built upon 
an auxiliary support called a spider, which has diflFerent forms, depend- 
inf^ on the mode of attachment between it and the core-discs. Fig. 
11)3 shows the discs held together and to a skeleton pulley, or spider. 





Fljj. IW. t'i>rf- Discs Holuxl lo SpidiT. Fig. IW. Bolts Placed Internal to Core. 

by lH)lts [Kissing thn)ugh them, the spider being keyed to the shaft. 
The objection to this construction is the fact that the bolt-holes 
nnluci* the effective area of the core, thus strangling the magnetic 
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Fit?, itfs. Mounting of Large Armature Core. 



flux. TIlis may bo ovorc^>mc by placing the IxJts internal to the 
c()R», as in Fi*:;. 104, in which case they uchmI not be so well insula teil. 
Another arningiMiuMit which is mon» moilem, is to provide the discs 
with dovetail notches or extensions, fitting into extensions or notches 
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on tlic spider arms, as in Fig. I'JS. Tliu stx-tiunal view shuws the 
mt'rhijd «f hulding the Juminii' liigcthcr by means of Iwlts and ciid- 
platt's, also the i-xtetision (R R) for su[>[xirtirig iht' fiul-tiniiictliuns 
of a liarrfl-wiiidiiig. 

The huhs of armuture spiders, 
in order to faeilitiite fitting the 
shaft, art! usually cleared out Ix- 
twccn their front and baek bear- 
ing surfaces; and in larger sizes, 
the seating on the shaft is often 
turned to two different sizes to ad 
mit of easier cr»x:ting,iis in Fig. 19(1. 

Figs. li)7 and 19S show a spider 
and other features of constrnt- 
tion of a large machine. The rirn is cut into six pieces, each of which 
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has four dovetail notches. If cast in one piece, trouble might arise 
from unec{ual strains in the metal, due to contraction. Ventilating 
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apertures are pro\-ided, and on the side of each arm (FI^. 197; are 
sei'n the sea tings and bolt-holes for attaching the comniuUitor-huli 
and the rira whicli supports the winding- In Fig. 19.S, which 
depicts the completed core, are visible the supporting rim and narrow 
ventilating ducts. 

Ventilating Ducts. Armature cores, as already explained, lieat 
from three cau.ses— namely, hysteresis and eddy currents in ihe iron, 
and I'R losses in the copper eondnelnrs. In onler that (he tcnifieni- 




FlR IM. ArmBt 



wllh T-mjurary SHafi. 



ture-rise of the armature shall not exceed a safe figure, 50*C',, it ha* 
l>een found nitvssary, in the large and heavy-duty types of u>-day»- 
til resort to positive means of ventilation, u.<mally consisting <>^ 
ihicts which leail the air l>etween the core-iiiscs. To keep tlw^ 
core-disrs apart at these duct.s. it is necessary lo introduce distaiic**^ 



pieces, or i 



■jililaloT 



, Fig. 199 illustrating some of these devices. 



In a, situple pieces of brass arc riveted radially at intcnaL) tu t^ 



DYNAiMO- ELECTRIC MACHINERY 



171 



ipecial core-<iisc 0.04 to 0.05 inch tliick. This form fails to provide 
adequate support for the teeth, which is obviated in c, where behind 
each tooth there i.s a strip of brass al>out 
0.4 inch wide set edgewise, being cast 
with or brazed to a special casting of 
brass riveted to a stout core-disc. In a 
recent constniction shown in Fig. 200, 
the cote-plate next to the duct is ribWd, 
alTurding good support for both the core 
and teeth of ihe next plate. Fig. ISO, nn 
page M>0, ilhistrates a somewhat similar 
device. 

Binding Wires. With toothed-core 
armatures the conductors may be heli! 
in the slots by wedges of wood, as already 
mentioned, or by bands of wire wound 
around the armature. Tliese bindinj 
wires must be strong enougli to resist the 
centrifugal force tending to ihniw die 
armature condiirtors out of the slots, 
ami yet mu.st (K-cupy as little radial 
spatr iw (Ktssiblr, in onler not to interfere 
with the clearance between the artnatuiv 




S-n^U^A- 







id the p)!e-i>ieces. The 
re iif hard-drawn brass, 
fter winding, can be sweated to- 
gether by solder 
into one continuous 
baiKl. 



Under each belt 
of binding wire a 
band of insulation 
is laid, usually con- 
sisting of two layers 
— first a thin strip 
of vulcanized fibre 
or of hard red vumi.slied paper, slightly wider than the belt of wire, 
BHcl then a strip of mica, in short pieces, of alxmt equal width. Some- 
iixBKH a ainall strap of thin bra^s is laid under each bi-lt of binding 
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wir<.>, having tags wliicli can be turned over and soldered down to 
prevent the ends of the bindhig wires from flying out. 

Wedges. In the cases where wedges are driven into grooves in 
the teeth, to close up the slot, the usual material employed is a well- 
baked hardwood, such as horn- 
beam or hard white vulcanized 
fibre. A modem method consists 
in using a springy strip of German 
silver, or a strip of magnalium 
metal. 

Conductors. Copper is always 
used for the armature conductors 
of continuous-current machinery, 
either as wire strip or stranded. 
Wire is usually employed for ma- 
chines of small or moderate current 
output; but rectangular conductors are preferable, especially for 
liravier currents, on account of better space-factor. Large, solid 
conductors, whether round or rectangular, are objectionable, not 
only on account of stiffness, but also because eddy currents may be 
}»'ncnit(>d in them. 
This is avoided by 
subdividing tiie 
former into sever- 
al round wires or 
by lumiiiating the 
latter. 

Armature Wind- 
ings. The differ- 
ent methods of 
ariUil ture wind- Fig. SOS. Spiral Ehd-ConnBctora for Evolnu Windings, 
injis have been treated at length on page.s 03-120. It remains tocon- 
sider the mechanical arrangements or means employed to carry out 
the scheme (if winding a<lopte<l. 

DntiH iVindinga. Drum windings may be subdivided into (1) 
hand windings; (2) evolvte windings; (3) barrel windings; (4) bastard 
drum windings; and (5) form windings, according to the manner in 
which the end-connections arc made. It is essential that these latter 
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lie good coitductui-s, suHicit-'iilIy well iii^uliiU-d from one anotlicr, 
allowing of rppiiirs uiid votitilatioii. iiiiil imclmiiically souml. 

Hand inndinga, historically the first, are now seldom ii.sed, 
except for spifial machines. They involve u clumsy overlapping of 
wires at the ends of the arniittiire, 
which stops ventilation and hinders 
repairs; while the outer layers, over- 
lying those first wound, bring into 
close proximity conductors of wide- 
ly different voltage. 

Evolttte windings, so niuutil 
from the method of uniting tht- 
conductors hy meiins of .spiral end- 
connectors, were quite early de- 
vised to overcome the objections to the hand i 
201, which illustrates this construction, each inductor in the form of 
a bar is connected to the next by means of two evolute spiral copper 
strips, one bending inwardly, the other outwardly, their junction being 




viudings. In Fig. 




in some cases secured to a block of wood upon the shaft. Their 
outer ends are attaehed^o the bars by rivets or silver solder. 

A common form of such end-connector -s indicated in Fig. 202, 
another form being made of copper strip, folded. In place of the 
wooden block referred to above, tlie middle part of the evolute con- 
nector may I>e anchored to an insulated clamping device built up like 
a commutator and called from this resemblance a Jahe commutator. 

Id evolute windings the spiral cormectors lie in two planes, 
back of one another; hence it is necessary that the armature burs 
ihouki project to different distances beyond the core-body, the 



shorter ones being joined to the inner layer of evolutes, the longer 
ones to the outer liiyer. For this purpose it is convenient to arrange 
one short and one long bar in a ^lot, side by side, as in Kig. 2()3 or 
in the finished armature of Fig. 204. 

Barrel vindings were devised by Mr. C. E. L, Brown in l'^02. 




Fig. a*. Armiiture Botly hPforc Colli ar-^ Pla.-etl In Position. 

as an improvement upon the evolute windings just described, and 
are most extensively »se<l (o-<lay. The method consists in arrang- 
ing the conductors in twti layers, so that their ends, instead of being 
carrie<l down as evolutes, are continued out upon an extension of the 
cylindrical surface of the armature and are bent to meet ohlicjuely in 
two overlapping layers. This scheme, like the evolute winding, is 




Fig. 300. Klement 



adapted to wave as well as lap windings. Its only disftdvanta};;e liea 
in the fact that it requires the length of the armature parallel tu 
l)ie shaft to be greater than in the previous case. iLi great tidvan> I 
tage lies in the excellent ventilation made possible by the lar^r | 
cfHiling surface, and by permitting air to enter the inlenor of the ] 
armature at the ends. 

A usual method of supporting the extended end-cunnectiuiu 
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is to attach to the end of the armature body ventilated brackets, as 
indicated in Fig. 205. A simple way to construct such a winding is 
to take a long bar __ 
of copper, and bend >. 

it ns shown at A, ^va 

Fig. 200. Then, if 
ah and ed are the 
lengths of the con- 
ductor in the slot, 
the bar may be 
opened out as in B, -/^ 

Fig. 20(1, if the y^ 
winding is to be ~~^ 
lap-wound, or as m 
Fig. 207, if the winding is to Im; wave-wound. Methods of computing 
the necessary length uF the end-con m-ctions have lieen referred to on 
page 111), 30 tliat tlic n^ijuired length of l>ar may bepredelcnnined. 




I- Wlmllug FormHl tr 




Triumph Oeoeralor. 



In Figs- 2()s and 209, finished armatures of this type are repre- 
sented, while Fig. 210 illustrates these diagrammatically. 

Thus fur the windings have lieen dcscribe<I as formed of copper 
bMa;bul it is also possible to wind either of these types with wire, 
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shaping the coils cither K'fori- or after ]ilacmg tlic win- in tht- al 

Cases also otfur when' inoR- thiiti two liiytrs of n 
sury, cither on iiccoinit of the hiyh voltaj^* n- 



ings is the iiamo 
given to (hat class 
of ufRiatiirc wind- 




ings 



who 



ri.l- 



c( nil iiftions, instead 
of Ix'iiig earricii in 
towani the shaft in 
cvolules or cinii- 
(liiliil cylindrical!)-, 
are partly inward 
and partly cylin- 
dricul. This lius the 
elfcct of makin;; tin- liiif,Mli of the arnialiirc jKiraUel to tlic shaft 
shorter llian with the purf barrel winding. It R-tiijiR-s, however, 
special formers, and is applicable only to bar-wound armatures. On 
account of better ventilation, it is usual to corabino a buslaiti 
winding at one end 
of the armature, 
with a barrel wind- 
ing al the commu- 
tator end, as in Fig. 
21 1 ; while Figs. 
212,213,214 show 
the relation of this 
scheme to the two 
previously men- 
tioned. 

Form-Wound Drum tVindinrju. Ii was early found that hand- 
wound drums were both expensive in labor and unsymmctrical 
electrically. Tliis resulted in the development of schemes foe 
arranging the winding in coils on formtrs, and then laying I 
joniutl aiils in their respective places upon the core-body, 
individual sections of the winding arc first wound and shaped H 
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Barrel WlndlnK. 
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a fmiiie or former, the wire l>eing plain colton-t-overed; and each 
such .siTliiJii is iigaiii st-jmrately insulatf*! by winding with tajie, 
usually half-lappeil ; then Imked, vami^hLil, and baked again. 

Alidlh, ucronlinjj; to the patent ntonls, was the first to devise 




-eor WeatlugbousvUenern 

this plan. He was followed by P^ickemeyer, who in 1S8S patentefl a 
niftliod of winding formed coils for evoliite windings. This method 
attained almost universal use during the vogue of the evolute wind- 
ing; and the first three stages in the construction of such a section are 
illufitratcd in Fig. 215; while Fig. 2!fi illustrates a later type of the 




former, and Fig. 217 a fon»p!i-tfd nniiulure winding iiiiill up of such 
coils. 

What ilie Eickenieycr coil accomplislies for tlie evolnie winding. 
may bt accnniplishett for tlie barrel witxling by use of "straight-out" 
fonncn. Fig. 21S illustrates a simph- fomieruf tli's type, upon which 
a coil for a wave winding lias Ini-n wound and then opened out. 
Figs. 212, 21.'{, and 214 illustrate the tlm-<- principal types of formed 
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windings; while Figs. Sn.'i, 219. an.1 220 illiistratc 




« Hem tip. 

the ciiiistnictiun uf ii liarn-l-wiiunil iiniiiitiin' iisin^ formod tiiils" 
Rintf Windinijii, Tlii-si- winiliiiUM un- aliiiost ulwuys liiind- 




FIs, lis. Elcliemuyer Coll c>ii Puruii;r ;tiiJ itpi-ui'il Uul. 

wound, because the connections at the ends iri nul ncuHv si) 
phcated as those of a drum winding, and the uinding is in general 




Fig. 217. LlikemnreT A 

easily applied. Nevertheless can' inii.sl l>e exercised, since the 
vanous sections are usually wound upon the core sepanlcly, tbf 



ends lipinn Ifft projecting. A careless workman muy connect tiicin 
so that some may generate in op|X)aition, thus n^ducinj; the terminal 
voltage of the machine; 
hence it is usual to tag the 
ends of the coils, indicat- 
ing the befpnning and end 
of each section. Fig. 221 
illustmtes a partially com- 
pleted ring-woimd arma- 
ture, 'the core being made 
in two parts to facilitate 
winding. 

Arrtait/vmml nj Con- 
(tiKtoi'H in Slot/i. \'urioTi,s *- 
methods of arranging Ihe 
conductors in the slots 
have been mentionetl. The 
most freC|Uent plan in 
large continuous-currcni 
generators is that of put- 
ting them hi two layers, either two or more in a slot. Form-wound 
coib lend themselves to the two-layer arrangement, which, however, 





) Bod}' allowing Coilo as placed la posIiliiD. 

is adapted to Iw nseil OTily with paru I let-sided slots. Yet, by grouping 
the conduct! hi?( tlirei- or four in a slot, as indicated in Fig. 222, or 
six in a slot, 'IS in Fig. 223, T-shaped teeth can be employed. It must 
be remembered that, owing to the magnetic shielding of the tcelb. 
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the conductors are subjected practically to centrifugal force only. 
Unless the pole-faces are laminated, the top breadth of the slots 




Fle-lJ". (JfOLTui.tr Armiiuirt, Complete, 
must Ik; kept very narrow (/. c, not wider tliiin 2J times the It-nj^h 
of till- air-fjap, becau.sc of (^dy currents lieing otherwise j^iwriitol 
in ihe jwle-races) ; aisu. if straight teeth are employed, they must 
be kept very narrow, otherwise the high flux-density recjuired in the 
teeth For sparkless collection of 
current will not !« attained. 

All electric and magnetic 
considerations point to having 
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■1 ^ 

"" WMiiu.V Aniin'ium " Fit-'W. Six i'«lnlnul-.rHiJr..iii*J In Slnt. 

the slots and teeth narrow and nnmeroiis; while rnvdiunicul can- 
sidcniltoiis iin|>o.sc a limit njxiii Ihe minimum width of teeth. Stand- 
anl practice for parallel-woutid iinniituri'« htui luul In chix)<te a 
mean, and it is usual tu put four conductors in a slot. 
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CONSTRUCTION OF COMMUTATOR AND BRUSH-RIGGINO 

Cotnmulator Bars. Tbcst are always made of copper; utlier 
rnetnls, sueh as brass, iron, or steel, arc not satisfactory, on account 
of pitting and burning. Rotted copper is prcferabte, because of its 
toughness and uniform texture; but in some eases, on account of tlic 
sha|K.-s necvssitated by different methmls of connection to tlic armu- 
lure conductors and various clamping devices, the segments arc either 
cast or dropforged, the latter being at present the eommercial type. 

In order to secure a good fit, the cross-section of the bars should 
be properly tapered according to the nuralwr that go to make up the 
whole circumference. It is obvious that if the number of segments 
= 3(>0, each segment plus its insulation (on one aide) shoukl have a 
taper of 1 degree; while if K = 36, the taper would be 10 degrees. 
It is not practicable, however, to use mica insulation that has not 
parallel faces; hence the segment is tapered, and any defect in the 
tJi]»cr of the tatter cannot be made good with insulation. It is found, 
however, that when the segments exceed 150, bars of the same taper 
can be used in constnicting a commutator having either two more or 
two less than the designed niunber. 

Insulation. It is needful to have good insulation between each 
bar and its neighbor, and es|)ecially good in.sulation between the bars 
and ;llie sleeve or hub around which they are mounted, as well as 
between tlie bars and the clamping devices that hold them in place, 
since the voltage iK-tween bars is not so great as that lietween the 
bars and the metal-work of the machine. It is essential that the 
insulating material l>e such that it «"ill not aljsorb oil or moisture; 
hence fisl)esIos, plaster, and vulcanized fibre are inadmissible. The 
end insulation rings may be of mieanite, or, if for tow voltage, of tliat 
preparation of paper pulp known as jtresa-board or pn:tis-.ipuhti. 
The conical rings are usually built of mieanite moulde<i under 
preseurc while hot. Fig. 224 illustrates such an end-ring, cut away 
to show its section. 

Ccinunutalors using air-gaps between the segments as insulation 
have lieen tried; but, excepting in the case of arc-lighting machines 
where the segmenLs are few in numlKT and the air-gap large, they 
have iiol proven sucees.sfiil. owing to Inmble in keeping the gaps fn-c 
Mca UK-lattlc dust. 

It is of imp<}rtance that the mica selected for insulating the Imrs 
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fruiii one iiniitluT shoiiltl I)f soft enough lo wear uwuy at the j 
rail! U.S the copper bars, and tiol p 
ject above ihf segments, 
mica, soft and of rtttlierclouify(i)l(ir, 
is preferred to the harder c^lvar 
white or red Indian variety, 
usual thicknesses are- as given | 
Table XIII. 
Commutator Construction. For small machines a conim 
itriittion is that shown in Fig. 225. The commutator segmci 





TABLE XIII 

Thickness of Commutator Insulation 



VtH.■t^at or llAcutsK 


Taicisu 


■ or Mici. 






via-- 


I.ei« than 1.50 
Less than 300 
Lous than I.OOO 


0.020 to 0,0:t In 
0.025 to 0.(H in, 
0.04 to n.OG in 


0.00 to 0.10 in. 
nOS to 0.13 in, 
0.10 to 0.111 iu. 
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arpspfiirvd l>i'twwn a InisliJiin urlinli and a (lamping niif;, the taller 
Ix-ing mountnl on tin- inih, ami forird to grip tht- hart, by mt-Hiis iif 
a nut on ihe hub or by IkjIu passing through the ring jind hub, a* in 
Fig. 226. The ends of the Imrs arr leveled so that the ring and hush- 
ing drew the segments closer together on 
tightening. 

The hub, in small machines, is usitalh uf 
t?ast imr keyed to the shaft; but in large ma- 
chines, die commutator is buitt upon a strung 
Ounge-like support or shell, bolted to the arma- 
ture spider, as indicate)! in Fig, 20S and Fig 
227, or mounted on a separate spider secured 
tu the .shaft, as in Fig. 22S. 

When drawn c(»pper .strip is used, the de- 
-sigii should lie such that tlie available surface 
for the bnislies takes up nearly the whole length 
of the bar, and the lievele<l ends should Was 
simple as possible. AVilh drop-forged seg- 
ments, this is not so important. 

In building eonimutalors it is usual to 
assemble the liars (o the proper numljer, with 
the iiiterposcit pieces of mica, clamping them 

temi»ntrily aroumi the outside with a strong iron clamp, or forcmg 
them into an external steel ring under hydrauhc pressure Thty 
arc then put into a lathe, and the interior surfate ii l)ored out, afttr 
which the ends are tunml up, with the angular hollows to receive 
the clamping pieces. The whole is then mounted with proper insula- 
tion, upon the sleeve, and the clamping end-pieces an- screwe<l up. 
It is then heated, and the clamps still further tightened up, after 
which the temporary clamp or ring is removc<i and the external sur- 
face turned up. 

Commutator Ris^s. Connection is made with the armature 
conductors by means of radinl strips or wires sometimes called riitrir, 
which arc inserted into a cut at the comer of each Imr and firmly 
held their by a screw clamp and solder. Figs, 229, 23(1, and 231 
illustmtc varioas mode.s of making conneclion to the commiitutor liar. 

These risers are connected lo the annafure winding in .several 
different ways, as indicatwl in Fig. 232. 
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In some evolute windings no risers are needed, the ends of tlu- 
cvolute being fastened to the commutator as Jndicatetl in Fig. 2M. 
Similarly, in the case of barrel-wound armatures, no risers are nec-dixl 
if the commutator diameter is veiy nearly that of the armature. 




Brushes and Bnish-Rigging. As we have seen on page 42, 
carlxjn brushes are almost the only type that are now considen-cl. 
Their shape depends upon the type of brush-holder selected, and 
upon nhether the brushes are applied to the commutator semi- 
tangentially or radially. Fig. 233 
illustrates various shapes. 

The mechanism for holding the 
brushes must tulBI the following re- 
quirements: 

1. The brushes must be held firmly 

against the commutator, while allowing 

them to follow any irregularity in the 

ror Large contour of the latter without jumping 

L must permit of the brushes being withdrawn while 

ing, and must tcpd them forward as required. 

? must he adjustable, unif (ftc sprinjj must iwl cany 

ist not have too great inertia, in order that they may 
in ri'gitrd to fallowing the commutator. ' 
S. lti.';nl.itn>n uiiisl be very fliorough. 
r>. The nicdiiiiiism must be so arranp-il as to jMrmtt of the position 
iif the hruslips b,-inK shifted. 

7. All partH must be firm an<i strong, so as not to ]>crmit of the brushes 
chattering as the result of vibration while running. 




2. The iiicchani 
the commulator is roi 

3. Spring press 

4. The sprinsti . 
readily fulfil eomlitiiJii 



Ttip cotnim^rcial fomis of imldcrs fur Ciirlxm briLslu-s iiiav Ik.- 
classified uadcr three tyiR-s: 

1. Hinged strmt(ilri!S. 

2. Pnrallel Bpriug holders. 
:). Resi^tion holder!!. 

Fig. 234 illustrates a hinpcil Imish-lmlder, and an arm holding 
sevcnil. The carbon moves in u 
light frame, being held Hgainst the 
commutator by a spring whose 
tension may be adju.stwi. Con- 
nection Ijetwecii (he linish and the 
holder is made by means of a flexi- 
ble l(rH<i, tinned and laid in a slot 
in the upper part of the c;;rbon. 
A metal cap placed over Ihe lop 
and sweated in place makes a 
permanent contact. This is shown 
by the two illustrations of the 
brusli. 

Fig. 235 illustrates a parallel- 
mo\'cment type, also depicted in 
Fig. 144, on page 120, The brush 
is held firmly in the holder by a 
clamping screw, the whole ar- 
rangement then l>eing pressed 
against the commutator by the 
spring, whose tension may be 
varied by means of the adjusting 
screw. Connection is made be- 
tween the brush and the stationary 
part of the holder, by means of two 
sets of rolled-copper leaves which 
at the same time act as flexible 
joints. 

In Fig. 236 is illustrated a re- 
action type of brush-holder. The Rl*r,lao,mmuU.ur IWrs. 

brush C is prease*! against the eoramutator by the adjustable spring 
L, the holder B bving secured firmly to the rocker-arm P by means 




Fig. Kl. 
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Fig !S3 M«lb<tatii1 i 



iiTf VIlnMng 



f 



of the set-screw g. The brush is furnished with a dovetail-shaped 
projection along its entin' inner ciJge, tliis projection fitting into u 
groove ill the face of th« 
hoMor B. 

Rockers and Rocker- 
Arms. For small machines, 
tlie rocktT is usual ly 
clamped upon a shoultler 
tumeil upon the bearing 
])edcstal as indicated in 
Fig. 225. For lai^e mtilti- 
jmlar genemtors, the n»cker 
arms — that is, tlie rods on 
whicli the l)rush-holders are 
held — are fixed at efjuidistant points around a cast-iron rocker-ring, 
which is itself supportitt on bmckets ))rojecting from the oiagnet- 
yoke. This con- 
struction is indi- 
cated in Fig. 237. 
Sweating Lugs 
and Terminal Thim- 
bles, Among tile 
details of bnisli- 
gear are the con- 
trivances fur bring- 
ing the current to 
iiinl from the brush- 
pillars or rocker- 
rings. This is usu- 
ally accomplished 
by the ii.se of large, 
flexible connections 
made of stranded 
copper wire well in- 
sulated. It is neces- 
sary that all such flexible leads should make good contact at their 
ends to solid metallic pieces. On the rocker are usually provided 
sweating lugs (Fig. 23S) of copper or brass, into which the ends 
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of tlie flexible cable are sweate<l. Their other eiitls are then sweated 
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into suitalile thimbles or sockets on a lerminal Ixjaixl (Fig. 230) 
which is HttachitI to .some convenient point on the mannet-fnuiie. 

CONSTRUCTION OF MECHANICAL PARTS 
Bearings and Pedestals. Bearings for genenittirs an- always 
made ilividiil, su . , 

ihiit the armature \ 



Clampirg Screw. 




can l>c lifted into 

and out of its lieil, 

and usually witli 

steps of brass or CommuWor 

gun-metal seated in 

on appnipriate ped- 

e.-ilal. Often the 

pedestal is made in 

two parts bolted 

together, the joint 

occurring at the 

level nf tile under 

side of the amialurt' tu ailmit of the latti-r being withdrawn, and 
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aSordiDg a restintr point duriu^ retom-aJ. AVtu-re lutij; iN'arin^ a 
used, ihrv arc soiucliiDes mailr i>f cnst iruu wttli a Uo'ing of Iti 




hilt or similar soft metal, such anti 
friction metal being cast in hollows 
in the cast-iron step prepared for 
that purpose. In the case of gener- 
ators whose armaturfs are mounted on the end of the eiifpne shaft for 
direct driving, only the null»i»ard bearing lif any) is provided by the 
generator manufu 
turer, the other h 
ing part of the e 
gine; while in some 
cases the armature 
is overiiung and n 
cjuiresnoouterb 
ing, &s in Fig. '. 
In cases where the bearing is very long, il is necessary that i 
Waring be made self-aiigning, by providing it with un enlarged centC 
portion of spherical shape (Fig. 241), lield in a spherical iieat fun 
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in the pedestal by turning, milling, or by casting Babbitt or other 
fusible metal around it, thus allowing the bearing to adjust itself 
to the exact direction of the shaft. The upper half of the box can be 
taken off to facilitate renewal, etc. Fig, 242 also illustrates a bearing 
of this type; while Fig, 243 illustrates a simple bearing showing the 
division of the pedestal. 

Bali'bearings have recently been applied to generators and 

motors — particularly the latter, on 

account of their low static friction. 

Where space and low friction losses 

are essential, and where there is 

^^^^^L I^^B B fl m little lateral dragging due to bells, 

^^^^^1 jPtttl^ff] these bearings have given excellent 

^^^^^B J^W-l I { results. 





Plg-SlO. 



Figs. 244 and 245 show ball-bearing mountings for horizontal 
and vertical motors, respectively. The section at the left of Fig, 244 
is for tlie pulley end, while that at the right is for the commutator end. 
Fig. 245 shows a form of mounting for vertical motors. It is differ- 
entiated from the horinontal type, simply by the introduction of devices 
for keeping sufficient lubricant in the bearing to permit the bails al- 
ways to drop through it. Fig. 246 illustrates a side view of a portion 
of one of these bearings, showing the steel balls with elastic separa- 
tors between them. The separators conlainfelt plugs which incident- 
ally store up lubricant to guard the bearings for a time against neglect. 
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An advantage that attends the 
use of these bearings is that the 
feature of non-wear permits mak- 
ing them oil-proof and dust-proof 
without the usual added compli- 
cations. 

Lubricators. Provision must be 
made for supplying the bearings 
with oil or grease; and for this pur- 
pose it is usual to provide an oil- 
well in the hollow casting of the 
pedestal's, into which the oil drains 
from file brasses. k^elf-lubricating bearings are now almost uni- 
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versal in the ordirarj' tj-pcs of generators. Fig. 241 illustrates 
i>iur of this type. The rings here shown revolve with the shaft, and 
feed the Uttter with oil, which tliey continuously bring up from the 
n-stTvoir below. The flirt settles to the Iwttora and the upper portion 
of the oil remains clean for a long period, after which it is drawn off 
through the spigot, and a fresh supply poured in through openings 
provided in the top. The latter an- often located directly over the 
slots in which the rings art- placed, .so that the bearings can be lubri- 





A Shaf !■ Dtimoler +^ 

B Sueimg Fit. 

C LiaNt Drive r& 

D Oil Level. 

E Dearancft for Desired 

-e Mnimilni.' for Hnrl7.nnt,il Moior-Shatt. 

cateii ilirectly by means of an oil-cup, if the rings fail lo net ur the 
iX'aer>'oir Ix-comes exhausted. 

[}ed-Pla(e$. In most cases a generator is supplied witii a cast- 
iron baa? or l)etl-plate which supptirt.s the bearings and magnet-yoke. 
It con.sisl.s of a simple box, open at ihe bottom in onler to give stiff- 
ness without great weight. It must lje sufficiently rigid to withstand 
any reasonable strain without bending. 

In Iwlt-comieeted machines the iron base usually rests upon rails 
bolted to the foumlations, tlic base Iwing arranged to slide back and 
forth utx>n the same in order to regulate the tension of the belt, l>y 
means of set-screws. A direct-connected genemtor of small or med- 
ium size is usually Iwlted to an extension cast-iron base or sul»-base 
of the engine- In some cases a generator and engine are coupled 
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togetlier, each being coinplete in itsplf and having its own base. 
Vtjry large direct- 
connected pener- 
alors and engines 
are set on separate 
foil niJat ions. 

DESIGN OF CON- 
TIN UOUS^UR. 
RF.NT QEN- 
ERATORS 
The design of a 
generator may be 
considcrid in the 
light of a probltm 
m whjch it IS re- 
quired to proihiie 
a machine wliuli 
diall operate salia- 
factonlyataUloails 
from nu l<iad tn ">0 
per cent overloail, 
which shall be effi- 
cient, and conform 




P1K.WS, 

to the 




Specifications. To ili-: 



Hall-BBaMnr- Moiinllng for VerUcal Motor Shall. 

conditions of prescribed speed, voltage, 
and current output. 'Fhis involves 
the theoretical and practical fea- 
tures already considered. In order 
to guide the student, it has been 
llionght advisable to follow through 
the complete design of a particular 
modem generator. No hard-and- 
fast rules can be given covering all 
cases which come up, so that the 
tables given Ix-iow should be used 
only as guides, each machine re- 
(|uiring a separate .wlution of the 
general problem, 
iign a continuous-current generator, it is 
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suflBcient to be given the capacity of the machine in kilowatts, the 

terminal voltage at rated load (also at no load, if compound-wound), 

and the speed of rotation of the armature, although Table XIV 

will supply the latter quantity, if absent. Let us assume for the 

purposes of this design : 

Kw. output 150 

Terminal volts, rated load 250 

Terminal volts, no load 240 

Armature r. p. m 225 

The generator is direct-connected to the engine driving it, and 
it must be compound-wound in order that its terminal voltage at 
rated load shall be 10 volts higher than at no-load. 

TABLE XIV 
Relation of Output to Speed of Direct-Current Generators 





DlRKCT-CONNECTKD 


Low-Speei> 


Hioh-Speed 


i APAt'ITY 

Un kw. ) 


Generators 
r. p. m. 


Belted Generatorh 
r. p. m. 


Belted Generators 
r. p. m. 


1 




700 to 


1 ,400 


1.400 to 2 800 


•> 




670 to 


1.250 


1,250 to 2.450 


5 


400 to SOO 


640 to 


1.170 


1,170 to 2,200 


10 


340 to 480 


610 to 


1,050 


1,050 to 1,950 


15 


305 to 415 


580 to 


960 


960 to 1,770 


20 


270 to 385 


550 to 


900 


900 to 1 ,650 


30 


230 to 355 


510 to 


800 


800 to 1,450 


40 


200 to 340 


480 to 


740 


740 to 1,320 


60 


175 to 325 


460 to 


660 


660 to 1,110 


SO 


140 to 310 


450 to 


620 


620 to 975 


100 


1 20 to 290 


440 to 


590 


590 to 850 


150 


110 to 250 


420 to 


540 


540 .to 700 


200 


100 to 230 


395 to 


495 


495 to 625 


250 


92 to 205 


380 to 


460 


460 to 570 


300 


86 to 180 


. 360 to 


435 


435 to 520 


350 


80 to 160 


345 to 


410 


410 to 475 


400 


76 to 140 


325 to 


380 


380 to 440 


500 


70 to 124 


295 to 


335 


335 to 380 


600 


66 to 112 


275 to 


300 


300 to 325 


700 


62 to 105 

60 to 100 

• 59 to 92 








800 






1,000 






1,200 


58 to 88 






1,400 


56 to 86 






1,600 


55 to 84 











' Since the generator is raled at 150 kw. at 250 volts, the rated 
load current will be: 

150 X 1,000 



250 



600 amperes. 



Number of Poles. We must next decide upon the number of 
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poles. This may be fixed either with a view to keeping down the 
iron losses in the armature, or to keeping the current collected per 
brush set low. In the former case, the frequency of magnetic reversal 
should not exceed 20 per second in shunt-wound machines, and 25 
per second in compound-wound machines. In the second case, in 
order that the current may be commutated sparklessly, not more than 
200 amperes ought be collected by each brush set; that is, the current 
output of the machine, divided by the number of poles, should not 
exceed 100. 

From the first criterion, we find (since the magnetism of any part 
of the armature core undergoes a reversal as it passes each pole), for 
the number of poles: 

= 25 X 60 25 X 60 



P> 



> 



r. pjn. 
7. 



225 



-7 



And from the second criterion: 

= 600= . 
P>l00>^- 

To be quite sure of avoiding trouble as to sparking, and since an 

odd number of poles cannot be employed, let us take 8 poles, which, 

as we see from Table XV, is good practice for this size and type of 

machine. 

TABLE XV 

Relation of Capacity and Type to Number of Poles 



Ttpk 



Direct -roniiccted 



Low-Speed, Belted 
High-Spoed, Belted 



Ot'TPUT IN Kilowatts 


Number op Poles 


to 


2,030 


4 


15 to 


400 


6 


90 to 


400 


8 


200 to 


900 


10 


300 to 


1,800 


12 


600 to 


2,200 


14 


800 to 


2,500 


16 


to 


600 


4 


15 to 


600 


6 


to 


20 


2 


to 


200 


4 


GO to 


800 


G 



Diameter and Length of Armature. The diameter of armature 
is limited by the peripheral speed allowable (Table XVI). It is alao 
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dependent upon the size of the magnet-poles and their number, the 
size, number, and arrangement of the armature conductors, and the 
output of the machine, the length being also a function of these 
quantities. Various empirical formulse have been proposed for com- 
puting the length and diameter of armatures, but they all contain 
constants whose values must be learned by experience. 

TABLE XVI 
Peripheral Velocities of Direct-Current Armatures 



Peripheral Speeds in Feet per Minute 



Type of Generators 


Minimum 


Mean 


Maximum 


Bipolar high-snood, bolted 
Multipohir high-speed, belted 
Multipolar slow-speed, belted 
Direct-connected 


2,000 
3,500 
2,000 
1,800 


3,000 
4,000 
2.800 
2,400 


3,500 
5,500 
3,500 
3,300 



For this reason it has been thought more advisable to append tables. 
giving cuTRMit practice in regartl to the diameters and lengths of 
armatures, trial values being selected from these. 

TABLE XVII 
Diameters of Belted Multipolar Armatures* 



OvTHiDK Di\mktek(1xi Inches) 



Ratio ok Length to Diametkr 



Capatity 
(kilo- 
watts) 








1 












1 








Minimiira 


Mean 


Maximum 


Miiiimum 


Mean 


Maximum 


1 


4 


7 


10 


36 


0.65 


0.80 


o 


5 


' 8 


11 


0.36 


0.64 


0.80 


5 


G 


9 


12 


0.36 


0.63 


0.80 


10 


8 


11 


15 


0.35 


0.62 


0.80 


20 


11 


14 


19 


0.34 


0.59 


0.80 


30 


14 


17 


23 


0.33 


0.56 


0.75 


50 


17 


21 


29 


0.31 


0.52 


0.71 


75 


20 


25 


35 


0.28 


0.48 


0.67 


100 




29 


40 


0.26 


0.44 


0.63 


150 


2G 


34 


40 


. 23 


0.40 


0.58 


200 


'M) 


38 


51 


t) . 22 


0.38 


0.55 


;^0() 


:u 


44 


60 


0.21 


0.36 


0.62 


400 


38 


49 


65 


0.20 


0.34 


0.50 


500 


40 


54 


C6 


0.20 


0.32 


0.49 


GOO 


43 


57 


68 


0.19 


0.30 


0.48 



*It Is to be noted that for any given output and speed, the product of the diameter 
by the length of the armature is practically a constant. 
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In the design which we are considering, let us assume a peripheral 
velocity of say 2,650 feet per minute. At the required annature 
rotative speed of 225 r. p. m., this will give us a diameter of 

2,650 X 12 
225 Xtt"^^"*-' 

which we see by Table XVIII to be about right. Assuming a length 
29 per cent of the diameter, we get 45 in. X 0.29 = 13 in. 

TABLE XVIII 
Diameters of Direct-Connected Armatures* 



Capacity 
(kilo- 
watts) 


Outside Diameter (in inches) 


Ratio op Length to Diameter 


Minimum 


Mean 

20 

22 

24 

27 

30 

34 

41 

47 

58 

69 

80 

87 

95 
100 
107 
112 
120 
130 
133 


Maximum 


Minimum 

0.15 
0.15 
0.15 
0.15 
0.15 
0.15 
0.14 
0.14 
0.14 
0.14 
0.13 
0.13 
0.13 
0.13 
0.12 
0.12 
0.12 
0.11 
0.11 


Mean 


Maximum 


5 ' 

15 

25 

50 

75 

100 

150 

200 

300 

400 

500 

fiOO 

700 

800 

900 

1,000 

1,200 

1,400 

1,600 


15 
17 
IS 
21 
24' 
26 
31 
35 
44 
52 
()0 
67 
74 
80 
87 
92 
100 
116 
122 


25 

27 

29 

34 

39 

44 

52 

61 

77 

89 

100 

108 

115 

121 

127 

131 

140 

148 

152 


0.25 
0.25 
0.25 
. 25 
0.25 
0.25 
0.24 
. 23 
. 22 
0.21 
0.20 
0.19 
0.18 
0.17 
0.16 
0.16 
0.15 
0.15 
0.14 


0.50 
0.48 
0.46 
0.44 
0.42 
40 
. 38 
36 
. 34 
. 32 
0.30 
. 28 
0.26 
. 24 
. 23 
. 22 
0.21 
0.20 
0.19 



Magnetic Flux per Pole. After deciding upon the number of 
poles (p), the diameter (d), and the length (/) of the armature, we 
may obtain a trial value for 4>, the magnetic flux per pole entering 
or leaving the armature, by assuming proper values for the mag- 
netic flux-density in the air-gap and the surface of the armature 
covered by the poles. The fl.ux-density in the air-gap varies 
from 40,000 lines to 55,000 lines per square inch (Table IV), 
while a usual value for the fraction of the armature covered by the 
poles is "^^ = 0.75. We may then write: 

•It is to be noted that for any given output and si)e€d, the product of the diameter 
by the length of the annature is practically a constant. 
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Assuming, in our case, ^ = 0.72, and Bg = 46,00(), we have: 

■J = 46,000 X 45 X 13 X 3.1416 X 0.72 ■:- 8 - 7,6(IO,CHIO 
as tlie assumed flux entering the armature. Tlie value thus found 
will require adjustment after Z has Ix-en deteimincd, the fundamenlal 
equation of dynamo-electric machines Iwing used for this purpose. 
From page 0?, this is: 



(Avenipr)^. 



Xy. r 



Tliat is, 



COX lO'Xc 



■^--. 



ZXjJXr.p.m. 

Number of Armature Conductors, Having ohtaincd a trial 
value for the magnetic flux per pole, we can compute the correspond- 
ing Z from the preceding formula, adjusting if aud Z until the latter 
comes out properly fur the winding selected (see Table Vi, page 1 12), 
In our case, 

_ 263.5* X 8 X lO* X 60 _„, , „^ ... . , 

^ = -aa.rx-rTeoo.mH) X s = ^-^ <'"''' "^ "' " '""' """'^"'■ 
Number of Commutator Segments, This is of course e<]ual to 
the numlxT of conductors (lividtnl by 2, 4, 6, etc., although in all but 
tJie smallest modern machines, A'=Z-t-2. The considerations which 
fix the number have been discussed on page 122. Hence we have; 
K = 928-5-2 = 4B4 coram utnt or .segiiienta. 
Sze of Commutator. As a rule it is well to make the diameter 
of the commutator ut least J of that of the armature. For lai^ 
madiines, it should 1m; from 12 inches to IS inches smaller than the 
armature. Using this as a trial value, divide the periphery by A', 
to sec whether the width allowed per .segment is suitable. ITiis 
should be about 0.2 to O.S inch, inclusive of insulation between seg- 
ments. The necessary provisional length may be found by assum- 
ing tliat the (carbon) brushes will cover from 3 to SJ segments, and 
that about 40 amperes may be collectcl by each square inch of 
brush-contact area, A margin should l>e added to this, the working 
face (see also page 123). The result so obtained should be checked 
later when the watts lost in commutator heating have been 
estimated, by seeing whether die surface of the commutator is 
sufficiendy large to ilissipalc the heat generated, without undue 
temperature-rise (see page 12C). A commutator ought to have 
•Nai«,— CorrcL-led to provide Cor lost Tolls (aec pogn n imtl til »nd Tible Xlil, 
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abciQiOX* siqiiare indi of perqiheiml surface per watt to be dissipated. 

HaTing decided in our case that the oommutator shall have about 
4€4 sepnaiis, and as each segment pbis Ae neoessaiy insulation 
canDot be less than about 0^ indi wide at die face of the annature, 
the peripheiy of the oommutator must be at least 464 X 0^ = 92.8 
inches long. That is, the diameter ^kniU be about 92.8-^ tt = 29.5 
inches. 

Allowing 40 amperes per square indi of bnish contact, and 
assuming that a brush covers 3 segments, we have for the net length 
of the ct^immutator * parallel to the shaft): 

'^"SX 0.2X40"®^^"*' 

each brush set collecting loO amperes, as Aere are 4 pairs of brush 
sets and the total currrat output of the machine at rated load is 
600 amperes. Adding to the length thus obtained } as a maigin, 
we have as the length of the commutator: 

6.25 ( 1 -r 0.33) = 8.3 indies (say S\ indies). 

Commutator Brushes. Allowing 40 amperes per square inch 
of brush contact, the area of all the positive (or n^ative) brushes . 
= 15 sq. in. — i.^., 3 J sq. in. per set. Let us have 3 brushes 3 inches 
long, 2\ inches wide, and J indi thick per set. From the cun-e of . 
Fig. 141, page 124, brush-contact drop = 1.5 volts. 

St} le of Annatiu^ Winding. We must now settle upon the type 
of armature winding to be employed. Modem practice tends toward 
preser\ing the utmost simplicity, that is to say, it favors the lap- 
wound drum executeil as a Imrrel winding so as to have ample cooling 
surface, the conductors l)eing in two layers so as to take advantage 
of form winding, and placing two, four, six, or eight conductors in 
each slot. 

Choosing in our case a simplex, singly re-entrant, lap-wound 
drum winding, the maximum winding pitch will be yt = 115; yt, 
= —113, since we must span about J of the periphery, there being 
eight poles (compare page 112, Table \^). As we have assumed a 
pole span of about 0.75, the minimum values would be about yt =87; 
y\y = -85. Assuming that the conductors are placed 8 in each slot, 
there will be about 14 slots to the pole-pitch, requiring the coils to 
span 14 teeth if we select the largest possible value of the winding- 
pitch, and 10 teeth if we select the smallest value. Suppose^ there- 
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e we shall have ^[ = 107; 



fore, that we span over 13 teelh, in whicb e 

yh = -105. 

Apportionment of Losses and Checking Size of Armature. We 
must apperf ion the losses in order to check up our previous computa- 
tions in regard to penni,ssihle beating limits. Assuming an efficieney 
of 92 per cent (TaWe XII), we may allow 2.2 per cent for armaturt; 
copper loss, LC per cent for armature iron loss, 2.75 per cent for 
excitation loss, 1.05 per cent for commutator loss, anti 0.4 per cent 
for friction loss, as suggested liy the above-mentioned table. The 
periphery of the armature l>cing 45 X T = 141.4 inches, and the 
length over conductors being 27 inches,* the total cylindrical raiiiating 
surface will be 141.4 X 27 = 3,820 square inches; and as the total 
armature losses are assumixl to be l.G per cent -|- 2.2 per cent = 

3.8 per cent, or 0.038 X -^fjf?^ = '"'.SOO watts, the peripheral sur- 
face will have to dissipate 6,200 -;- 3,820 = 1.63 watts per square 
inch. As the peripheral speed is assumed to lie 2,650 feet per minute, 
we see from cune cc. Fig. 130 (page 121), that the probable tempera- 
ture-rise will be 26° X 1.63 = 42.5° C, which will not be totj hit,'h, 
since 50° C. rise is permitted by the Standardization Rules of the 
American Institute of Electrical Engineers. A useful and fairly 
jiccurute empirical rule states that the exposed surface of the 
armature should not be less than 24 srpiare inches for each kilowatt 
tjf output. Hence we should need 24 X 150 = 3,G00square inches. 
As the armatui-c lias 3,820 square inches, there should be ample 
surface. 

Number and Dimensions of the Slots. We may now .settle upon 
the number and dimensions of the slots. The former depends upon 
the type of winding used, and upon the number of commutator 
segments. It is almost universal practice to winil all but .small 
armatures with copper strip, the current-density varj'ing from 2,000 
to 3,000 amperes per square inch. Assuming, in our case 2,700 

I conductor -tt- -^ 2,700 = 

)S3-section (sayO.028 square inch). As we 
conductors S in ii slot (page 202], the total 



amperes per square inch, we require 

0.0278 square inch in cr 
have decided to place tht 



• AuiimlDg luDglb a^ 
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TABLE XIX 
Number and Sizes of Armature Slots and Teeth 



Diameter or Armatuue 


Number of Slo.a or Teeth 


Depth or Slots or Teeth 


(in inches) 




(In inches) 


10 


25 to 75 


0.40 to 1.70 


20 


50 to 135 


0.60 to 1.80 


30 


75 to 190 


0.80 to 1.90 


40 


95 to 240 


1.00 to2.00 


50 


110 to 280 


1.10 to 2.05 


60 


125 to 320 


1.20 to 2. 10 


80 


150 to 400 


1.30 to 2.20 


100 


175 to 450 


1.35 to2.25 


120 


190 to 500 


1.40 to 2.30 


140 


200 to 540 


1.45 to 2.35 


IGO 


210 to 580 


1.50 to 2.40 



Ratio 



Ratio 



Depth of slots 
"Width of slots' 
Width of slot 



Width of tooth' 



from 1:5 to 4 



from 0.75 to 1.5 



copper section per slot will be 8 X 0.028 = 0.224 square inch. As- 
suming a space-fac- 
tor (page 88 ) of, 
say, 0.^4, we have 
as the area of the 
solt, 0.224 -^ 0.34 
= 0.66 square inch, 
nearly. As there 
will be 928 4- 8 = 
116 slots (which b 
within the limits 
set by Table XIX), 
and an equal num- 
ber of teeth in a 
total perimeter of 
141.4 inches, the 
wudth of a slot and 
a tooth at the face 

of the armature cannot exceed 141.4 -^ 116 = 1.22 inches. Making 

the ratio „,. , , . .= 1.18, we have the width of a tooth = 
Width of tooth 




952 - . 022" Trdnsformer Stni PtfcfiJnga "A" 

952 - .022' TrAosformer Steel Punchwga "B" 

500 -.003" R&per Punch'tngi. 

16- // Tr«n5former5fecl Punchings'A* 

12 - .022' Trinsformer Sttel 5picer Punching} 'A* 

Ma - K)076 Venhlafors. 

696 • 2fll6T 5hi(to. 

Fig. i'll. Lamination Stamping of Armatiirr whoso 
Construction is Described in Text. 
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Conduct 3fts 



TAPINO >i^ 
5l0T Ui UNO 

Manila VtRk 



FULL >IZt 



\ 



1.22* 
- '-"-—— = 0.56 inch, so that the width of a slot is 1.22 — 0.56 = 
1 + 1.18, 

0.66 inch. Hence the depth of the slot will be 0.66 sq. in. t- 0.66 in. 
= 1 inch. These values for the sizes of slots and teeth are seen to 
lie within the limits suggested by Table XIX. 

An enlarged drawing of the slot, showing to scale 
the arrangements of conductors, i^ now made (Fig. 
252). Each conductor is wrapped with tape to a thick- 
ness of 30 mils on each side, and allowing a slot insula- 
tion at each side of, say, 24 mils of press-board (two 
thicknesses, and a wrapping for four conductors of 
manila 25 mils thick), each conductor must be 80 mils 
wide, which leaves a clearance of 2 mils. The depth of 
conductor will be 0.028 ^ 0.080 = 0.35 inch,or 350 mils. 
Allow, say, 12 mils of press-board between the upper and lower 
layers, and 60 mils between the lower layer and the bottom of the 
slot. We may then account for the contents of a slot as follows: 

Width 

4 Conductors side by side, bare 4x0. 080 = . 320 inch 

8 Thicknesses of taping 8 x 0.030 = 0.240 

2 Thicknesses of slot lining 2 x 0.024 = 0.048 

2 Thicknesses of manila 2 x 0.025 « 0.050 



Fig. 252. Sec- 
tion of Part of 
an Armature 
Slot. 



<< 



it 



2 
4 
4 
6 



Total 0.558 inch 

Depth 

Conductors deep 2 x 0.350 = 0.700 inch 

Thicknesses of tape 4 x 0.030 «= 0. 120 

Thicknesses of manila paper 4 x 0.025 = 0. 100 

Thicknesses of lining 6 x 0.012 = 0.072 



(< 



(< 



(< 



Total 0.992 inch 

Now, the length of one armature turn (found by drawing the 
winding to scale and then measuring it), is 87.5 inches; and as the 
resistance of a copper conductor whose area of cross-section is one 
stjuare inch, and whose length is 1 foot, at 50"^ C, is 0.000009088 ohm, 
we have as the total resistance of the armature winding at oO^C. : 

.000009088 X 87.5 X 464 ^ ^, ^„ , 
^' 64X0.028X12 = ^'^^^^ °*^"^- 

Internal Diameter of Core. The internal diameter of the core 



•Or let X s Width of slot; y s Width of tooth. Then x + y = 1.22, and •-- 



Hence x = 1.18 y; and we have y + 1.18 y = 1.23, or y 



1.12 



y 



1.18 



1 + 1.18 



K 
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TABLE XX 

i-Densltles In Armature Cores 



Trrc Flck-Dinmtt (in line* per iq. lo.) 

Bipolar drum-core 50.000 to 90,000 

Binolar ring-core 65.000 to 93,000 

High-speed multipolar ring-core 45,000 to S5,U00 

Slow-speed multipolar ring-core 65,000 to 97,000 

may now be fixed by ascertaining the requisite radial depth of the 
core to give an adequate cross-section of iron below the teeth. The 
final value of this depends upon the permissible iron-loss, which limits 
the flux-density possible. Table XX gives values for average flux- 
densities in armature cores; and as our design contemplates a slow- 
speed multipolar ring-core armature, we may select a flux-density of, 
say, 83,000 lines per sf|Uare inch. 

Now, the flux through the armature core at rated load is J. ^ = 

7 600 000 

'- = 3,800.000, so that the arpa of cross-section of the arma- 

2 

ture core will be 3,000,000 -^83,000 = 45.S square inches. The total 
length of the armature core over laminations being 13 inches, we 
have the net lengtli 13 X 0.R14 = 10.575 inches, allowing 10 per 
cent of the gross length for insulation between the sheets (page 70), 
and 1.125 inches for 3 ventilating slots, each I inch wide. Hence tht 
radial depth of the armature will be 45.8-^10.575 = 4.35 inches — 
say 4\ inches. The internal diameter of the armature is therefore 
45 ~ (2 X 4.25 -i- 2 X 1) = 34.5 inches. 

Dimensions of Air-Gap. In assigning a length to the air-gap, it 
should be borne in mind that this portion of the magnetic circuit of 
continuous-current machines is not a mere clearance, as in some 
alternating-current motors. It plays a definite part in the process of 
commutation. It has been found by experience that a long aii^ 
giip, though it necessitates more ampere-tums upon the field-magnets' 
is of advantage in commutation, as it ofl^ers an obstacle to the dis- . 
turtion of the useful flux by the reacting ampere-tums of the arma- 
ture. Similar results ensue by making the flux-density in the arma- 
ture teeth high; and it is found that the sum of the ampere-tums 
retjuircd for the uir-gnp and armature teeth per pole must bear a cer- 
tain proportion to the number of ampere-tums of the armature under 
one pole-face at rated load. 
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Now, since the ampere-tums needful for the air-gap are propor- 
tional to the length of the gap /g and the flux-density in the gap Bg, 
the following simple approximate rule for the requisite gap-length 
can be given, assuming that the ampere-turns needful for the teeth 
bear some definite proportion to those needful for the gap — for in- 
stance, that they are equal to 25 per cent of the latter at rated load : 

qd 



/, - *4 X 



pB, 



where t^, the stiffness coeflScient, varies from about 4 to 8.5 (the 
lower value applying to cases where the saturation of the teeth 
exceeds 130,000 lines per square inch);d «= diameter of armature; 
q « number of ampere-conductors per inch of periphery of armature ; 
and p*= number of poles. Making k^ - 5, in our design, we have: 

928 X 75 ^ ^^ 
^' " ^ ^ 8^X^46,000 " ^'^^^ '''''^ ^^*y ^« *''''^^- 

The flux-density in the air-gap, we obtain from Table XXI. 

TABLE XXI 

Approximate Values of Density In Air-Qap witli Multipolar Macliines 

Having Slotted Armatures 



Output of Machine 


Densitt in Air-Gap 


(in kilowatts) 


(in lines per sq. in.) 


1 


30,000 


5 


35,000 


10 


37,500 


25 


40,000 


50 


42,500 


100 


45,000 


200 


47,500 


300 


50,000 


500 


53,000 


1,000 


56,000 


2,000 


59,000 



Dimensions of Magnet-Pole Cores. These must have sufficient 
cross-section to carry the flux re^iuired at rated load, including that 
which forms by leakage — the stray flux. The densities in this por- 
tion vary from 75,000 to 100,000 lines per square inch (Table IV, 
page 90), and the usual leakage coefficients are given in Table II, 
(page 77). The length of the core mu»st be sufficient to carry the 
field-exciting winding; and, as a trial value, we may take this equal 
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to from 3 to 1 tiuif tlie diameter (if the cure is cylintlrical). reducing 
the value so as.siiiiic<l, if iieeeasary, later on. In case iJie eore 13 not 
cylindrical, we may take the length of the polenrore as 20 times the 
length of the air-j^Tip, if the machine is shunt-wound, and 40 times 
the length should itbecom- 
poimd -wound. 

In onr ease, the total 
llux entering the armature 
at rated load was assumed 
to be 7.600.000 lines; and if 
we assume a leakage co- 
effieient of 1.09, the .total 
flux in the jjole-cores will he 
7.600,000 X 1.09= S,300,000 
line,*? at rated load. Assum- 
ing a flux-density in tiie 
[Kile-copcs of 96,000 lines per 
si|iiiircinch,wehave8,300.000 
H- il6,000 = S6..'Jsqiiaerinchps 
as the area of cross-section (. 
of a }X)Ie-core. Making them 
circular in cross-section, we 
have 2 t S6.5"-^ ir = 10.5 
inches, as the diameter 1 
the pole-cores. Making the 
radial length of the cores { the diameter, we get j X 10.5 = 75 
inches, as n trial value. 

Cross-Section of the Yoke. AVe may now decide upon the req- 
uisite area of cross-see lion of the yoke, this being fixed when we 
know the flu.\-density and the total flux. The latter is S.300,000 
-^ 2 = 4,150,000 (seepage 79); while, if we make the yoke of east 
iron, the flux-density should be about 41.000 {Table III); 4,150,1KK) 
-7- 41, (XX) = 101 sfj. in, (say 100 square inches), making a flux-density 
of 41..")(X) lines per s<[uare inch. 

Preliminary Summary. We may now collect and tabulate the 
values thu.- fur ubtaiiied. as follows: 
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General Specifications: 

Rated load, kilowatts 150 

Rated load, terminal volts 250 

Rated load, amperes 600 

Armature, r. p. m 225 

Peripheral speed of armature, in ft. per minute 2,650 

Number of poles 8 

Armature: 

Core-discs, external diameter, in inches 45 

'* internal " " " 34.5 

Length of core over laminations, in inches 13 

Number of slots 116 

Depth of slots, in inches 1 

Width of slots, in inches . 66 

Pitch of slots at armature face, in inches 1 .22 

Depth of iron in core under teeth, iR inches 4.25 

Number of conductors 928 

Arrangement 8 per Blot 

Style of winding Simplex parallel 

dimensions of each conductor, in inches . 08 by . 35 

** " " insulated 0.14 by 0.41 

Section of each conductor in square inches 0.016 

Winding pitch in number of teeth 13 

Length of armature over all. in inches 27 

Commutator: 

Diameter, in inches 29 . 5 

Number of segments 464 

Length, in inches 8 . 25 

Width of segment at face, in inches 0. 16 

Thickness of mica insulation . 04 

Field-Magnet: 

Outer diameter of yoke, in inches 77.25 

Inside diameter of yoke, in inches 66 .0 

Breadth of yoke, in inches 18.0 

All the preliminary computations have now been made, and it 
now remains to proceed with the final calculations. A scale drawing 
(similar to Fig. 254) should now be made of the machine, using the 
trial values thus far found. From this, the designer will be able to 
judge of the ultimate dimensions of the machine, and, with its aid, 
he will be able to make a complete set of calculations in accordance 
with the princi[)les of the preceding pages, for excitation, heating, 
sparking, and efficiency, as will presently be done. From the results 
of such calculations, it is then easy to see in what manner to alter 
the original design in order to fulfil the required conditions. 
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Excitation. We shall first construct the magnetization curve 
of the machine by the method described on page 135. We have: 

Zx p X r.p.m.X 4>m 



E 



60 X 10« X c 

928 X 225 X 8 . 

9* 



60 X 10* X 8 
» 0.0000348 ^ 

With the aid of this equation, we may compute the following table, 
the leakage coeflBcient of the machine being 1.09, by actual measure- 
ment: 



Generated E. M. F. 


Flux Entering Armature 


Flux per Pole in M aonet 




PER Pole (^^ ) 


Cores (^^ X 1.09; 


180 


5,180,000 


5,650,000 


200 


5,750,000 


6,260,000 


220 


6,320,000 


6,890,000 


240 


6,900,000 


7,520,000 


260 


7,470,000 


8,150,000 


280 


8,050,000 


8,780,000 


300 


8,620,000 


9,400,000 


330 


9,490,000 


10,320,000 


360 


10,340,000 


11,290,000 



From the drawings. Figs. 253 and 254, we obtain the following 
dimensions: 

Mean length of magnetic path in magnet-yoke, in inches 29 

• *' " '* " " " two magnet-cores, in inches .. . 15.75 

*' " " " " armature core, in inches 10 

" " " " " two teeth, in inches 2 

" '' '* " " two air-gaps, in inches 0.625 

Magnetic area of magnet-yoke, in square inches 100 

" "magnet-cores, ". " " 86.5 

'* " armature core. " " " 45.6 

The polar angle being 32°, we have the number of teeth under 

32° 
each pole^r^X 116= 10.3 (say 11 teeth), with the allowance for 

fringing. 

The area of the teeth under each pole may then be taken as 
11 X 0.505 X 10.72 = 59.5 square inches. 

The area (effective) of the air-gap, being equal to the area of the 
pole-face, is 163 square inches. 

We now have all the data for constructing the magnetization 
curve of the machine; and in the accompanying table (top of pages 214 
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and 21.'t), the ampere-turns required for various f^nemted c. m. f.'s 
have been computed as outlined on pages 135-143. 

From the computed data we locate the following points on the 
scale: 



E Aiifi:k»T[-|>^s pck Pais or Polu 

INU 7,075 

•200 8,00) 

220 9.252 

2-10 10,6U4 

2fi0 12,493 

280 14,412 

aOO 16,517 

;t;tO 20,219 

300 24,392 

Plotting a curve between these points, we have the magnetization 
cune of Fig. 256. 

Voltage-Drop Compensation. We have seen that the neocssai^ 
nmixTe-tiims at rated load will Ite greater than those at no load by 
an amount depending upon: 

1. The valiipof the lit drop in (lie armalurc and lli« scries ficlil-windiag. 

2. The Vftluc of the brUHh-contaet ilrop. 
:i. Anioiint of armature demaKnetiKatioii. 
4. AmoMiit of armature distortion. 

The rfslstanco of the aniiiitnre wiiiiling at r»0° C. was found to 
le 0.(1172 ohm; uiid the rated-load current In-ing (iOT um[x;pcs, the 
111 drop will he 007 X 0.0172 = 10.5 volts. The current in the 
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brushes being 40 amperes per square inch of contact, we have from 
Fig. 141 the drop due to, brush contact = 1.5 volts. Allowing 1.5 
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',F1b- 256. MaBn«tlz!i11uu Curve ot ISO K.W.2SOVoliGfnfralor,25.'i It. P.M. 

volts fur drop in the scries field-winding, we sec that the machine must 
generate 250 + 13.5 = 263.5 volts at rated load. 
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Finding this point on the scale of ordinates of the curve, Fig. 
256, we find the point X^ on the scale of abscissae, which corresponds 
to the ampere-tums required per pair of poles at rated load if anna- 
ture reaction were entirely absent. This makes X^ = 12,830. 

At rated load the brufihes are given a lead of 5 segments — that is, 
a lead of 8.6 per cent. Hence the percentage of demagnetizing 
ampere-turns = 17.2 per cent of the total armature turns. As there 
are 464 turns on the armature, each carrying 75 amperes, the demag- 
netizing ampere-tums per pair of poles will be: 

460 X 76 X .172 , ^, . 
2 =» l,olU. 

Multiplying this by the coeflScient of magnetic leakage, the com- 
pensating ampere-tums per pair of poles will be 1.09 X 1,510 = 
1,645. 

Adding these to X^, we find X^ = 14,470, assuming, for the 
moment, that there is no drop in pressure due to diminished per- 
meability of the teeth at the forward pole-hom. For this latter we 
must allow, as explained on pages 141-144. 

We have the distorting ampere-tums per pair of poles 

464 X 76 X 0.828 - ^^ ^, . ^^ « 7 o7n 

= 1 ^ 7,270. Iherefore set off 7,270 ampere- 
tums on each side of the point X^ upon the scale of abscissae, and 
thus obtain the points A and B, which represent the hindward and 
forward pole-horns respectively. If the distortion of the ma^in flux 
were absent, the latter would be proportional to the area A B C D; 
but as it is not so, it is proportional to the smaller area ABLK. In 
order to make this area equal to that of the rectangle, we must 
shift the point F higher up the curve to some such position as F', 
so that area J' 5' U K^ = area A B C D, In this mannei: we obtain 
the point A'^^ = 15,700 as the necessary number of ampere-tums per 
pair of poles at rated load. 

Shunt Field-Winding. From Fig. 250 we see that 10,700 ampere- 
tums are needed when the terminal voltage of the generator is 240 
volts — that is, when no external current is being drawn. Hence we 
shall require 5,350 ampere-tums per pole. 

Assuming a depth of winding of about IJ inches, we get the 
length of a mean turn as 3.54 feet. Then, from formula on page 87, 
we get No. 10 wire as the most suitable size to use. Planning to have 



DYNAMO-ELECTRIC MACHINERY 



72.5 per cent of the available 250 volts (that is, 181.5 volts) as the 
terminals of the field spools when hot (the remainder being con- 
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aumcd in the field rheostat), we require — ^— ^- = O.Qfi amperes 

per spool. Hence the turns per shunt spool will be -^rj^ = 800. 

The length of f-OO turns 

will be 2^0 feet, giving a 

resistance of very nearly 2.9 

ohms per shunt spool. 

They will be arranged in 

25 layers of 32 turns each 

(2 coils per pole). 

Series Field-Winding. 
This winding is required to 
supply 2,280 ampere-turns 
at a rated load of 607 am- 
peres. Planning to divert 
31.0 per cent of this current 
through a rheostat in par- 
allel with the winding, we 
find 0.684X607 = 415 am- 
peres available for series 




Lenqth of Coil Z" 

Fig. 2SB. Table (or Makft-Up ol Fleld-Coll». 



Hence each series coil should consist of- 
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turns. The mean length of one turn is found to be 3.4 feet, so that 
5.5 turns have a length of 18.7 feet. 

The ^s^:ries winding per spool consists of 5.5 turns, made up of 
5 strips of sheet copper 1.5 inches by i*^ inch section = 0.465 square 
inch. At 20°C. the resistance will therefore be : 

0.00000814 X 18.7 ^ ^^^^^ , 
Q-^^ = 0.000327 ohm. 

Losses. Armature. For the armature copper loss we have: 

607^ X 0.0172 = 6,350 watts. 
To compute the armature iron loss, we have: 

Volume of teeth =« 0.5«) -f 0.S05 ^ j ^jq^ x 116 = 663 cu. In. 

3 

and 

Volume of core = ~^ (^ _ iiis ) X 10.78 = 5,555 cu In. 

Hence, from formulae on pages 14 and 15, we have : 



I. 



Hysteresis loss in core = 0.83 x 0.(KM X 15 x 83,000 X 6.555 X 10 = 1.970 watts 

1.« -7 

•' •* teeth = 0.83 X 0.004 X 15 X 126,000 X 663 X 10 «= 477 •' 

2 _2 2 -12 

Eddy-current loss in core = 40.6 X 0.023 X 15 X 83,000 X 6,555 X 10 = 169 

a —2 2 -12 

" •• teeth = 40.6 X 0.023 X 16 X 136,000 X 663 X 10 = 46 •• 

Total Iron losses at rated load = 3,663 watts 

Hence, total armature losses = 6,350 + 2,662 = 9,012 watts. 

Exciiaiion. The resistance of the shunt field-coils per pole at 
50^ C. = 2.9 ohms, and they are then supplied with 6.96 amperes. 

Hence the I^R loss at rated load = 06^ X 3.22 X 8 = 1,240 watts. 
The total loss in shunt field and rheostat at rated load = 250 X 6.96 
= 1,740 watts. 

The resistance of the series winding of each pole at 50° C. is 
0.000365 ohm; so that at rated load, with 415 amperes in this wind- 
ing, the loss = 415^ X 0.000365 X 8 = 490 watts. 

The resistance in parallel with the series winding will be 

'— = 0.00644 ohm. Hence the loss in the parallel 

loo 



rheostat at 50° C. and rated load = 188 X 0.00644 = 227 watts. 

The total loss in series field-winding and resistance, therefore, 
= 490 + 227 = 717 watts, giving a drop at rated load of 1.18 volts. 

CommiUator. Upon the commutator are pressed 24 brushes, each 
having an area of contact of 1.125 square inches. The total area of 
all the brushes will therefore be 27 square inches. Hence, by formula 



1 DYXAMO-ELECTRIC MACHINERY 219 ^^| 


on l>ottf>m of page 125, assuming a brush tension of 1^5 pounds per ^^^H 

scjuaiv inch, the brusli-frJction loss = 27 X l.2;> X 0.3 X 1,050 X ^^H 

746 -r :i,3U0 = 378 watts. ^^H 

The total brush-contact drop b 1.0 volts. Hence the loss at ^^^H 
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contact = 607 X 1.6 = 971 watts. This makes the tot 
nutator loss = 971 + 378 = 1,249 watts. 
tearing Friclion and IVindage. Owing to this being a direc 
n (slow-speed) machine, we may assume the losses due to bearir 
on and windage as ^ of 1 per cent of the output (that is = 1,0C 
)- 

'Sfficiency. ITie total rated-load losses are: 
Armaiure low 9.012 watta ■= 5.51 por ct-nl 
Excitation losa 2,457 ■' =1,50 ■' " 

Dewing friction nnd windage l.tMW " =0,61 " " 
Total loBses ivls " 8^ " " 
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Hence the efficiency is: 

150,000 „, „ 
1637440 ^"■''P"""'- 
Heating, (a) Armature. From the drawuiga the radiating 
surface of the anDaturc is found to be 4,510 square inches {counting 
cylindrical surface, and tails of rear flanges); the peripheral speed is 
2.G50 feet per minule. 

The total armature loss being 9.012 watts, we must radiate 
9,012 


4^ - ' """=* 




















/f 




per square inch of 



















u/ 




Fig. 13!) shows that « 
this will give a | 
rise of 50° C. at J '^ 
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speed; but actual t^ 
testsonthemachine *" 
have shown an in- 
crease (by ther- ^ 
mometer) of only ^ 
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25° C. 

(b) Magnet Sya- 
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d. 


dialing surface pro- "■"*«•'» 0"'i^ 

vided for the shunt ^<^- »" ='"*"*;Snt^.%"Ji'^.?,«'"^""- '^ '' 

winding = 1.740 

square inches, so that it is necessarj- to radiate 0.715 watt pe! 

square inch. Assuming A = 35 in formula on page 511, we have: 

0„.- 35 X 0.715 = 25° C for the Hhunl winding. 
Actual test showed it to be 22.5° C. 

The total radiating surface allotted to the series-wind iii{f -- 015 
square inches, and as 490 watts are consumed here, we must radiate 

1^=0.795 watt per square inch. Therefore. 
(!„.= 35 X 0.79fi= 27.8" r, 
Commutator. For the probable testing of this portion of the 
machine, we have, from page 12G: 
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n = 46.5 X 971 _ 

' 1,100 ( 1 + 0.005 X 1,650) 

Sparking. The ratio of the ampere-tums required at full ex- 
citation to drive the flux through the air-gap and teeth, to the whole 
number of ampere conductors (at rated load) that lie under one pole- 
face, is 5,000 -^. 3,635 = 1.37, providing a stiff field. The amperes 
collected per brush set are 150. The voltage between commutator 
segments is 4.32, and the stiffness ratio (page 208) is (46,000 -r- 928 
X 76) X 141.8 = 92*; all of which indicate sparkless commutation. 



DETAIL SHEET 



GENERATOR DESIGN 



Name Date submitted 



Specification 

1 Kilowatts 160 

2 Terminal volts, rated load n 250 

3 Kilowatts no load 240 

4 Amperes, rated load 600 

5 Revolutions per minute 225 

6 Number of poles 8 

7 Frequency in cyclea per spcond 15 

8 Peripheral speed of armature, feet per minute 2,650 

Materials 

9 Armature core Sheet Steel 

10 Armature spider Cast Iron 

11 Armature binding wire No. 16 Phosphor Bronze 

12 Conductors Copper 

13 Commutator segments Copper 

14 " leads Copper 

15 " spider Cast Iron 

16 Pole-piecca Cast Iron 

17 Magnet-cores Cast Steel 

18 Magnet-yoke Cast Iron 



,, _ Siifrne.ss.coefflcient X Diameter of armature .. -,^, . 

♦If 92 < r-^—^—i — I . the conditions as regards 

p X Length of air-gap ^ 

air-gap length are correct. 
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19 Brushes Carbon 

20 Shaft Steel (0.35%C.) 

21 Bearings 



• • 



Dimensions 
Armature — 

22 Diameter over all 45 in. 

23 Diameter at bottom of slots 43 in. 

24 Internal diameter of core 34 . 5 in. 

25 Length over conductors 27 in. 

26 Length of core over laminations 13 in. 

27 Insulation between sheets % 9 . 8% 

28 Number of ventilating ducts 3 

29 Width of each ventilating duct 0.375 in. 

30 Effective length, magnetic iron 10. 72 in. 

31 Effective length of core -t- total length 82 . 5% 

32 Thickness of sheets 0.022 in. and ^f in. at ends 

33 Number of sheets 479 of 0.022 in. and4of A >».♦ 

34 Number of slots 116 

35 Depth of slot • 1 in. 

36 Width of slot at root 0.66 in. 

37 " " surface 0.66 in. 

38 Width of tooth at root 0.505 in. 

39 Width of tooth at armature face 0.560 in. 

An Q- f ^ * TA- f Depth. .0.35 in. 

40 Size of conductor, Diam • ,,..,,, ^ ^^ . 

1 Width. .0.08 m. 

41 Size of conductor insulated 0.14 in. by . 41 in. 

42 Pitch of winding. No. of toctli 13 

43 Total number of face wires or bars 928 

44 Arrang. of wires or bars per slot. . . .4 O.OS in. wide; 2-0.35 in. deep 

45 Number in parallel per slot 

46 " " series " " 8 

47 Copper section -f- slot section 0.34 

.o m X 1 • 1 X- 1 i. I 1 I 0.079 in. on sides of slots 

48 Total insulation between cond. and core. .... ^ ,^^'- • .. . 

10.127 m. on bottom do. 

49 Thickness insulation between conds \ r^\ ,r^ • ' i ^ i 

( 0. 110 in. between layers 

Gap — 

50 Length in center A in. 

51 Length maximum do. 

52 Bore of field 45J in. 

Pole-Piece^ 

53 Length parallel to shaft 13 in. 

54 Length of arc, max 13 . 48 in. 

55 Length of arc, min 11 . 57 in 

56 Thickness at edge of core If in 



*4 sections per sheet. 
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Magnet-Core — 

67 Length of magnet-core, radial 7 J in. 

68 Diameter of magnet-core lOJ in. 

59 Length parallel to shaft lOJ in. 

60 Distance between magnet-cores 9 in. 

Magnet-Coils — 

61 Length over all winding space 7 J in. 

62 Thickness of insulation on flanges 

63 Thickness of insulation on body t** in. 

64 Length of main winding space, ex. insuln. (shunt) .... Each coil = 2 in. 

65 Length of compound winding space, ex. insuln 1^ in. 

66 Depth of winding space, ex. insuln 

67 Total section of field copper 9 . 12 sq. in. 

68 Size of shunt conductor No. 10 B. and S.G. 

69 Turns in series per pole 2 coils, each 400 turns 

70 Size of compound conductor 5 strips, 1^ in. by ^ in., in parallel 

71 Turns in series per pole 5 J 

Yoke^ 

72 Outside diameter 77} in. 

73 Inside diameter 66 in. 

74 Thickness 5} in. _ 

Tc rk _ X .1 Fig. 861. Section of 

75 Diameter over ribs ^^ Yoke. 

76 Thickness of ribs 1 in. 

77 Length along armature 18 in. 

Commutator and Brushes — 

78 Diameter 28 in. 

79 Number of segments 464 

80 *' " per slot 4 

81 Width of segment at commutator face ^. . .0. 158 in. 

82 Width of segment at root 0. 138 in. 

83 Useful depth of segment 1 .25 in. 

84 Thickness of mica insulation 0.035 in. 

85 Available length surface of segment 8.25 in. 

86 Cross-section commutator leads 0.0468 sq. in. 

87 Total length of commutator. . .- 12.5 in. 

88 Peripheral speed 1,650 ft. per min. 

89 Number of sets of brushes 8 

90 Number in one set 3 

91 Length 3 in. 

92 Width 2.25 in. 

93 Thickness 0.50 in. 

94 Area of contact, one brush 1 . 125 eq. in. 

95 Area of contact, one set 3 . 375 sq. in. 

96 Type of brush Radial Carbon 

Armature 

97 No-load voltage 240 volta 

98 Type of winding Simplex, Singly Re-entrant, Lap- Wound Drum 



DYNAMO-ELECTRIC MACHINERY 225 

99 Number of circuits 8 

100 Mean length, one armature turn 87 . 5 in. 

101 Total armature turns 464 

102 Turns in series between brushes 58 

103 Length between brushes 423 ft. 

104 Cross-section one arm. conductor 0.028 sq. in. 

105 Amperes per square inch in armature conductor 2,714 

106 Resistances between brushes at 20° C 0. 123 ohtn 

107 Resistances between brushes at 50° C 0. 138 ohm 

108 Total resistance of armature at < -.^ ^' ^'/v,-« , 

150° C. 0.0172 ohm 

109 C. R. drop in armature at 50° C 10.5 volts 

110 Total internal voltage, rated load 263.5 volts 

111 Amperes per square inch in commutator connections 1,210 

Commutator 

1 12 Average volts between bars 4 . 32 

113 Amperes per square inch of brush contact 45 

114 Drop in brush contacts 15 volts 

Commutation 

115 Average voltage between comamtator segments 4 .32 

116 Armature turns per pole 58 

117 Amperes per turn 76 

118 Armature ampere-turns per pole 4,400 

119 Allowable ampere-turns per pole 4,560* 

I no load 

120 Segments lead of brushes •< half load 

' rated load 5 

121 Percentage lead of brushes, rated load 8.6% 

122 Percentage demagnetizing ampere-turns, rated load 17.2% 

123 Percentage distorting ampere-turns, rated load 82 . 8% 

124 Demagnetizing ampere-turns per pole 755 

125 Distorting ampere-turns 3,635 

Shunt or Main Field 

126 No. of turns in series per pole 2 X 400 « 800 

127 No. of coils in series 16 (i.e., 2 per pole) 

128 Mean length of turn 42.6 in. 

129 Resistance of mean turn 20° C 0.00362 ohm 

130 Total number of turns 6,400 

131 Total resistance at 20° C '. 23.2 ohms 

132 Total resistance at 50° C 26. 1 ohms 

133 Amperes, no load 6 . 675 

134 Amperes, rated load 6 . 96 

135 Volts at field terminals, no load 240 

136 Volts at field terminals, rated load 250 

137 Amperes per sq. in., no load 818 



^Allowable ampere-tums per pole = number of ampere-tums per pole required (a 
maintatn the rated-load flux in the air-gap. 
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138 Amperes per sq. in., rated load 865 

139 Rheostat resistance 24 ohms 

140 C. R. drop rheostat 50° C 68.6 volts 

Series or Compound Field 

141 No. of turns in series per coil 6} 

142 No. of coils in series 8 

143 Mean length of turn 40 .7 in. 

144 Resistance of mean turn . 0000585 ohm 

145 Total number of tirns 44 

146 Total resistance at 20** C .00257 ohm 

147 Total resistance at 50*» C 0.00290 ohm 

148 Amperes, rated load 415 

149 Amperes per sq. in., rated load 892 

150 Resistance of rheostat in parallel with series field 0.00644 ohm 

Magnetic 

161 Megalines entering armature per pole, no load 6.9 

162 Megalines, entering armature per pole, rated load 7.0 

153 Coefficient of magnetic leakage, actual 1 .09 

154 Megalines in field, no load 7.6 

166 Megalines in field, rated load 8-3 

156 Armature, section 45 . 6 sq. in. 

157 Length, magnetic 10 in. 

158 Density no load 75,600 

159 " ratedload 83,000 

160 Ampere-turns per inch length, no load 10.8 

161 Ampere-turns per inch length, rated load 18.0 

162 Ampere-turns, no load 108 1 • f i 

163 Ampere-turns, rated load 180 i P®*" ^^^^ °^ ^^^ 

164 Teeth transmitting flux from one pole-piece VVVo X 116—10.3 

165 Allowances for spread of flux 07 

166 Section of roots 69 . 6 sq. in. 

167 Length 2X1 « 2 in. 

168 Apparent density, no load 116,000 

169 " " rated load 127,800 

170 Corrected " no load 114,000 

171 •' " rated load 123,000 

172 Ampere-turns per inch length, no load 287 

173 Ampere-turns per inch length, rated load 666 

174 Ampere-turns, no load 574 ) • # i 

176 Ampere-turns, rated load 1,130 \ ^^^^^ ^^ ^^^ 

176 Gapf section at pole-face 163 sq. in. 

177 Length gap 2 X 5-16 in. « 0.625 in. 

178 Density at pole-face, no load 42,400 

179 " " rated load 46.000 

180 Ampere-turns, no load 8,280 "> • f i 

181 Ampere-turns, rated load 9,090 i P^'' ^^'^ °^ P°*®® 

182 Afagnet'Core, section 86 . 5 sq. in. 

183 Length (magnetic) 2 X 7.876 - 16.76 ia. 
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184 Density, no load 86,900 

185 Density, rated load 96,000 

186 Ampere-turns per inch length, no load 25 . 4 

187 Ampere-turns per inch length, rated load 42 

188 Ampere-turns, no load 400 ) • * i 

189 Ampere-turPe, rated load 661 f P*' P"' °^ P"'^" 

190 Magnetic Yoke, section 100 sq. in. 

191 Length per pole 29 in. 

192 Density, no load 37,600 

193 Density, ratedload 41,500 

194 Ampere-turns per inch length, no load 40 

195 Ampere-turns per inch length, rated load 61 

196 Ampere-turns, no load 1,332 ) • * i 

197 . Ampere-tuma, rated load 1,769 ( ^' P"""^ P"'**" 

Ampere-Turn8 pkr Pole 

No Load and Rated Load and 
240 Volts. 263.5 Internal Volts 

198 Armature core 54 90 

199 Armature teeth 287 565 

200 Gap 4,140 4,545 

201 Magnet-pole) 200 330 

202 Magnet-core ) 

203 Magnet-yoke 666 884 

5,347 6,414 

204 Demagnetizing ampere-turns per pole, at rated load 755 

205 Allowance for increase in density through distortion 615 

206 Total ampere-turns at rated load and 260 terminal volts 7,850 

207 If the rheostat in the shunt circuit is adjusted to give 5,347 ampere- 

turns at 240 volts, then, when the terminal voltage is 250, the shunt 

250 
excitation will amount to ^tk X 5,347 = 5,570 ampere-turns. 

7,850 — 6,570 =» 2,280 ampere-turns must be supplied by the series 
winding. 

Calculation of Spool Winding 
Shunt— 

208 Mean length of one shunt turn = 42 . 6 in. 

209 Ampere-turns per shunt spool at rated load 5,570 

210 Ampere feet 19,800 

211 Total radiating surface of two shunt field-spools + scries field- 

spool 294 sq. in. 

212 Proportion available for shunt « X « 217 sq. in. 

213 Permit .40 watt per square in, at 20® C 

214 .'. 217 X .40 = 87 watts per shunt spool at 20** C 

215 And 98 watts per shunt spool at 50® C 

216 Plan to have 72.5 per cent of the available 250 volts (i.e., 181.5) volts 

at the terminals of the field-spools when hot, the remainder being 
consumed in the field rheostat. This 4s 161.5 volts at 20^ C, or 
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20 2 
20.2 volts per spool. Hence require -^-q — 6.96 amperes per spool. 

217 Turns per shunt spool « ' , , =» 800 

6 .96 

218 Length of 800 turns •. 2,830 ft. 

219 Pounds per 1,000 ft 40 "calculated" 

220 No. 10 B. and S. has 31.5 lbs. per 1,000 ft., 2.83 X 31.5 = 89 lbs. "used" 

per pole. 

221 Bare diameter 0.102 in. 

222 S. C. C. diameter 0.108 in. 

223 Cross-section of copper 0.00815 sq. in. 

224 Amperes per square inch .855 

225 Length of the portion of winding space available for shunt winding . 4 in. 

226 Winding consists of 25 layers of 32 turns each, of No. 10 B. and S. 

Series Winding 

227 The series winding is required to supply 2,280 ampere-turns at rated 

load of 600 amperes. 

228 Planning to divert 31.6 per cent through a rheostat in parallel with 

the series winding, we find we have 607 X 0.684 = 415 amperes 
available for the series excitation; hence each series coil should 

consist of - vT^— =* 5.5 turns. 
415 

229 Mean length of series turn 40.8 in. 

230 Total length of 5.5 turns 18.7 ft. 

231 Radiating surface available for series coil 77 sq. in. 

232 Permit . 40 watt per square inch in series winding at 20** C. 

233 Watts lost per series spool at 20** C. = .40 X 77 - 31 

31 

234 Hence resistance per spool at 20** C. « ..,,., — 0.00018 ohm. 

(415)' 

235 Copper cross-section «= 0.465 square inch, "calculated." 

236 Series winding per spool consists of 5.5 turns made up of 5 strips of 

sheet copper 1.5 in X A *°- 

Thermal Calculations and Lossbs 

Armature — 

237 VR loss, rated load, at 50**C 6,350 watta 



238 Hysteresis loss, rated load j ' ' 



239 



K 



« 



Eddy-current loss, rated load j ^^ ^i^ *l» i« 



it 
It 
tt 



240 Total hys. and eddy-cur. losses, rated load 2,662 

241 Total hys. and eddy-cur. losses, no load 2,300 

242 Total armature loss, rated load 9,012 

243 Radiating surface of armature 4,510 eq. in. 

244 Watts per square inch radiating surface 2 

245 Assumed increase of temperature per watt per square inch of radiat- 

ing surface as measured by increased resistance « 25**C. 

246 Hence, estimated total increase temperature of armature at rated 

load - 6(W. 
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Shunt or Main Field — 

247 I2R total, no load 60** C 939 watte 

248 I^R total, rated load 60*» C 1,240 " 

249 Radiating surface 1 ,740 eq. in. 

250 Watts per sq. in., rated load 0.716 

261 Total increase in temperature, rated load 26° C. 

262 I. E. rated load, field and rheostat 1,740 watts 

Series or Compound Field — 

253 I^R total, rated load 490 watts 

254 Radiating surface 616 sq. in. 

255 Watts per sq. in.., rated load 0. 796 

256 Total increase in temperature, rated load 27.8° C. 

257 I. E. rated load, field and resistance 717 watts 

COMMUTATOrv — 

258 Area of all positive brvshes 13 . 6 sq. in. 

259 Brush-contact loss 971 watts 

260 Brush pressure assumed, 1.26 lbs. per square inch 33.8 lbs. 

261 Coefficient friction 0.3 

262 Peripheral speed of commutator, feet per minute 1,650 

263 Brush friction 10. 1 lbs. 

264 Stray power lost in commutator 378 watts 

265 Total commutator loss 1,249 watts 

266 Radiating surface in sq. in 1,100 

267 Watts per square inch radiating surface of commutator, rated load 1 . 14 

268 Increase of temperature per watt per sq. in. radiating surface = 20® C. 

269 Total estimated increase of tem. of commutator, rated load ... 22 . 8° C. 

Brushes — 

270 Total estimated increase of temperature 30** C. 

271 Total losses, rated load 13,440 watts 

272 Total losses, no load 4,690 watts 

Efficiency Calculation 

273 Output, rated load 160,000 watta 

274 Core loss 2,662 

275 Commutator and brush losses 1,249 

276 Armature I'R at 60*» C 6,360 

277 Shunt spools I^R at 60** C 1,240 

278 " rheostat at 60** C 600 

279 Series spools I^R at 60** C 490 

280 '* rheostat at 60® C 227 

281 Friction in bearings and windage . .1,000 

Input 163,718 

282 Commercial efficiency at rated load and 60** C 91 . 7 per cctot 

283 Inherent regulation, per cent 104 per cent 

Weights 

284 Armature magnetic core 1;330 lbs. 

286 " teeth 140 " 
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286 Armature spider 1,000 lbs. 

287 " shaft 

288 " end flanges 450 lbs. 

289 " copper 450 

290 Commutator segments 510 

291 " spider 400 

292 ' rings 90 

293 Jthcr parte of armature and commutator 80 

294 Armature complete, including commutator and shaft 4,450 

295 Pole-pieces U caq *' 

296 Magnct-corcs ) "^'^^ 

297 Magnet-yoke 3,794 '* 

298 Shunt coils 694 " 

299 Scricscoils 306 " 

300 Total spool copjxjr 1,080 

301 Brush-gear 533 

302 lied-plate and bearings 

303 Machine complete 12,400 net lbs. 

Drawings Required 

304 Longitudinal cross-section. 

305 End elevation. 

306 Plan. 

307 Diagram of armature winding. 

308 Details of important features. 

309 Efficiency curve. 

310 Curve of regulation. 

311 Curves for losses from no load to rated load. 

312 8 X lOi-in. paper required for description of method of calculation. 
Drawings to be made with pencil on brown drawing paper, then traced 

and blue-printed. 
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Page 

Aging 12 

Air-gap 

dimension of 207 

c'fTect of, in magnetic circuit 10 

Anii)ere-turns, exciting 77 

Arma t arcs 24 

actions in 33 

diameter and length of 196 

heating of 120 

Armature bearings 132 

Armature binding wires 131 

Armature coil 94 

Armature conductors 

drag on 59 

number of 201 

Armature cores 26 

Armature current, cross-megnetizing elTect ef 37 

Armature losses 119 

Armature resistance 117 

Armature shafts 128 

Armature spider spokes 130 

Armature teeth, shapes of 1G6 

Armature windings 93, 172 

barrel 174 

drum 172 

evolute 173 

examples of 110 

hand 173 

length of 1 16 

ring 1 78 

Ball-bearings 189 

Barrel windings 174 

Bearings and pedestals for generators 187 

Bed-plates 191 

Binding-wire channels 106 

Binding wires 171 

Bipolar field-magnets 73 

Booster method of compounding 32 

Brush contact resistance 45 

Brush sets, number of required 108 
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Page 

Brushes and brush-rigging 184 

Carbon brushes, heating of 127 

Characteristic curves of 

com pound- wound generators 153 

magneto and separately-excited machines 146 

series-wound machines 147 

shunt-wound generators 149 

Closed-coil drum winding, conditions to be satisfied 108 

Coil winding calculations 86 

Commutation 41 

Commutation curves 46 

Commutator 

size of 123, 201 

sparking at 41 

Commutator bars 181 

possible number of 95 

Commutator and brush calculations 122 

Commutator brushes 202 

Commutator construction 182 

Commutator heating 126 

Commutator losses 124 

Commutator risers 183 

Commutator segments, number of 201 

Compound-wound generator 69 

Compounding, methods of 32 

Conductors 172 

Conductors in series between brushes 107 

Continuous-current generators 

calculations and characteristic curves of 61 

fundamental equation 62 

symbols used 61 

construction of • 155 

armature *. 165 

commutator and brush-rigging 181 

design of 193 

excitation of 213 

frame 155 

heating 221 

losses 218 

mechanical parts 187 

sparking 222 

tabulation of values 212 

detail sheet 222-230 

organs of 23 

Core-bodies 165 

Core-discs, mounting of 167 

Cross-magnetizing effoct of armature current 37 

Dead turns 57 



INDEX 233 

Page 

Demagnetizing cfTcct of armature 49 

Disc armature 26 

Drum armature 26 

Drum windings 172 

forms of 101 

general formulae for 105 

Dynamo-electric machine 1 

Eddy currents 57 

Efficiency of dynamo, calculation of 133 

Electromotive force, generation of, by cutting flux 17 

Elementary generator 18 

End core-plates 166 

Equipotential connections HO 

Evolute windings 173 

Excitation losses 90 

Exciting ampere-turns 77 

Exciting coils, connections of 90 

External and other characteristic curves 146 

Field-magnet excitation 27 

Field-magnets, forms of 73 

Field-poles and projections 156 

Field step 95 

Field-windings 160 

Friction in bearings, losses due to 133 

Generation of E. M. F. by cutting flux 17 

Generator 

efficiency of 63 

elementary 18 

regulation of 31 

Gramme ring armature 25 

Hand windings 173 

Heat waste in iron cores, calculation of 14 

Hysteresis, effect of 145 

Hysteretic constant 14 

Insulation 181 

Iron-losses of a machine 15 

Lap windings 102 

Lines of magnetic force 2 

Lines of magnetic induction 6 

Lubricators 190 

Magnet-coils, heating of 90 

Magnet-cores 83 

Magnet-pole cores, dimensions of . . . 209 

Magnet-yoke 155 

Magnetic circuit 7 

calculations of 73 

example of 82 

rules for 70 
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Page 

Magnetic circuit 

effect of air-gap in 10 

effect of heat in 12 

^ effect of joints in 11 

Magnetic creeping 16 

Magnetic dampers 17 

Magnetic field 1 

Magnetic flux per pole . . . *. 199 

Magnetic force, lines of 2 

Magnetic force and magnetic induction, relation between 6 

Magnetic induction, lines of 6 

Magnetic leakage 75 

Magnetic permeability 6 

Magnetic pro|)ertie8 of iron, slow changes in 17 

Magnetization 

effects of cycles of 12 

retardation of 16 

Magnetization curve 9 

calculations •. 138 

experimental 144 

Magnetization curve and voltage drop, calculation of 135 

Magneto-electric induction 4 

Magneto-generator 65 

Magneto-machine 28 

Magnetomotive force 7 

Multiplex windings 106 

Multipolar field-magnet 75 

Organs of continuous-current dynamos 23 

Paths in parallel between brushes 107 
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